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PREFACE 
 
The work described in this doctoral thesis has been carried out during three years full-time 
research and studies at the University of Padua from January 2012 to December 2014. The 
experimental work was carried out at the Department of Management and Engineering 
(DTG) in Vicenza (Italy), under the main supervision of Professor Paolo Ferro and 
Professor Franco Bonollo. The cold and warm forging tests presented in the discussion 
were performed at Zoppelletto S.p.A. (Torri di Quartesolo, Vicenza, Italy) in collaboration 
with Eng. Luca Zoppelletto. 
 
The thesis is divided in two parts: 
1) An introduction, which gives to the reader a literature and historical background on 
forging processes (i.e. definition, process parameters and wrought steels for 
forming) and on their modelling using Finite Element Analysis and advanced 
techniques to characterize forged microstructures; 
2) The second section presents a discussion of the work (with the main industrial case 
studies and conclusions) and also the following papers, referred in the text by their 
roman numerals: 
 
Article I 
"ADVANCED MICROSTRUCTURAL CHARACTERIZATION OF TOOL STEELS AND 
COATINGS FOR COLD FORGING OF STEELS" 
F. Bassan, P. Ferro, F. Bonollo 
Proc. "24
th
 AIM National Conference on Heat Treatments", 2013, Piacenza (IT) 
 
Article II 
"PREDICTION OF DEFECTS IN MULTI-STAGE COLD FORGING BY USING FINITE 
ELEMENT METHOD" 
F. Bassan, P. Ferro, F. Bonollo 
Published in Key Engineering Materials, 2014, vols. 622-623, pp. 659-663 
Proc. "15
th
 International Conference Metalforming 2014", Palermo (IT) 
 
Article III 
"SIMULATING MULTI-STAGE COLD FORGING TO REDUCE TIME-TO-MARKET 
AND PRODUCTION COSTS" 
F. Bassan, L. Zoppelletto, M. Gabrielli 
Published in "Forging", September/October 2014, pp. 18-22 
 
Article IV 
"NUMERICAL PROCESS SIMULATION AND MICROSTRUCTURAL EVOLUTION OF 
CARBON AND STAINLESS STEEL FORGED COMPONENTS" 
F. Bassan, P. Ferro, F. Bonollo 
Proc. "35
th
 AIM National Conference", 2014, Roma (IT) 
Accepted for publication in "La Metallurgia Italiana", 2015 
 
Article V 
"MICROSTRUCTURAL AND LOCAL PLASTIC STRAIN EVOLUTION IN COLD-WARM 
FORGED COMPONENTS STUDIED BY MEANS OF EBSD TECHNIQUE" 
F. Bassan, P. Ferro, F. Bonollo 
Submitted to "Materials Characterization", 2015 
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OTHER PAPERS 
 
The final part of the thesis contains other studies not mentioned above, but which have 
been elaborated during the PhD work: 
 
Article VI 
"INNOVATIVE RHEOCASTING PROCESSES IN MG FOUNDRY" 
F. Bassan, G. Timelli, F. Bonollo 
Published in Interall S.r.l., 2013, pp. 58-67 
Proc. "8
th
 International World Congress Aluminium Two Thousand", 2013, Milano (IT) 
 
Article VII 
"MICROSTRUCTURAL AND MECHANICAL CHARACTERIZATION OF AM60B ALLOY 
CAST BY RSF PROCESS" 
F. Bassan, G. Timelli 
Published in "Materials Science Forum", 2013, vol. 765, pp. 296-300 
Proc. "6
th
 International Light Metals Technology Conference (LMT) 2013", Old Windsor, 
London (UK) 
 
OTHER ACTIVITIES NOT INCLUDED IN THE THESIS 
 
In addition to the papers included in the thesis, further activities are listed below: 
 
1) "PROCESS ANALYSIS AND INVESTIGATION OF DEFECTS IN MULTI-STAGE 
COLD FORGING BY USING FINITE ELEMENT METHOD" 
F. Bassan, P. Ferro, F. Bonollo 
Presented in the oral session at "29
th
 International CAE Conference 2013", Lazise (IT) 
 
2) "PROCESS SIMULATION OF MULTI-STAGE COLD FORGING HELPS TO 
REDUCE TIME-TO-MARKET AND COSTS FOR A STEEL HEATING PIPE 
FITTING" 
F. Bassan, L. Zoppelletto, M. Gabrielli 
Published in "Newsletter Enginsoft S.p.A.", 2014, year 11, pp. 24-27. 
 
3) "PROCESS ANALYSIS AND INVESTIGATION OF DEFECTS IN MULTI-STAGE 
COLD FORGING BY USING FINITE ELEMENT METHOD" 
F. Bassan, L. Zoppelletto 
Presented in the oral session at "FORGE
®
 International Users Meeting 2014", Cannes 
(FR) 
 
4) "MICROSTRUCTURAL ANALYSIS OF COLD FORGED DUPLEX STAINLESS 
STEEL USING EBSD AND TEM TECHNIQUES" 
A. Fabrizi, F. Bassan, F. Bonollo 
Presented in the poster session at "18
th
 International Microscopy Congress", 2014, 
Prague (CZ) 
 
In addition, the following thesis has been supervised: 
 
M. Veller, Caratterizzazione microstrutturale e meccanica di acciai da deformazione 
plastica a  freddo, supervisor: P. Ferro, F. Bassan, A.A. 2013-2014. 
7 
SUMMARY 
 
The possibility to produce stainless steel components at limited cost and characterized by 
elevated mechanical properties, has gained more importance in the last years. Nowadays, 
the cold and warm forging processes of carbon steels are widely used to form industrial 
parts due to their economic advantages, but there is still lack of extensive research on 
industrial process design and evaluation of the microstructural properties of cold-warm 
forged stainless steel parts. 
In the last few decades, the environment concerning the recent forging industry has been 
rapidly changed. Now, near-net-shape or net-shape manufacturing processes are becoming 
a useful practice in metal forming, resulting in saving material and energy. 
Many parts produced with machining can be manufactured at lower cost by cold and warm 
forging. Traditionally, forging design is carried out using mainly empirical guidelines, 
experience, and trial-and-error, which results in a long process development time and high 
production costs.  
In order to avoid this, in recent years, computer-aided simulation approaches have proved 
to be powerful tools to predict and analyze material deformation during a metal forming 
operation. There are now many commercial finite-element (FE) packages to simulate 
forging and bulk metalworking processes. To date, most have focussed on predicting the 
shape of the final product after simple or complex single- or multi-stage forming 
operations. On the other hand, other aspects are being included in these numerical models, 
such as an improved understanding of the constitutive material behaviour, friction and 
lubrication conditions, and the properties of the final product, in order to predict more 
complicated phenomena such as tool life prediction, ductile fracture and microstructure 
evaluation.  
The focus of this PhD thesis is the development of an innovative approach based on the 
design of integrated experimental procedures and modelling tools, in order to accurately 
re-design a range of industrial single-stage cold-warm forming processes to form stainless 
steel components and investigate the microstructural evolution of forged parts obtained at 
different forging temperatures. In addition, the design of a multi-stage cold forging process 
of a low-carbon steel and the prediction of surface defects that occur in each stage of the 
forming-sequence have been carried out. 
To this aim, a series of tensile tests were conducted to evaluate the influence of 
temperature and strain rate on the materials elasto-plastic properties. 
Futhermore, an innovative experimental setup was used to reproduce the realistic friction 
conditions at the tool-workpiece interface, in order to accurately predict metal flow during 
forging cycles. 
Experimental data were subsequently validated and implemented in a commercial 3D-FE 
software and accurately calibrated to perform fully coupled numerical simulations for the 
reference processes. 
Finally, the forged parts obtained were characterized by macro- and microstructural 
inspections in order to evaluate the presence of underfilling problems and surface defects, 
which were consistent with the numerical FE results coming from both simulated processes 
(i.e. single- and multi-stage forging), and to analyze the microstructural evolution of α and 
γ-phase during single-stage tests both at room temperature and from 400 to 700 °C. 
 
The materials investigated in this work are low-carbon AISI 1005 ferritic-pearlitic steel 
(Wr. N. 1.0303), AISI 304L austenitic (Wr. N. 1.4307) and commercially named Duplex 
2205 ferritic-austenitic stainless steel (Wr. N. 1.4462). The developed experimental tests 
8 
are suitable to proper evaluation of steels behaviour in terms of mechanical properties, and 
to precisely calibrate coupled numerical models when they are applied to conventional and 
re-design forging processes.  
 
The techniques used in this work include: tensile tests, T-shape compression tests, visual 
inspections (i.e. supported by vernier calliper and micrometer measurements), hardness 
and micro-hardness tests, LOM (Light Optical Microscopy), FEG-ESEM (Field-Emission 
Gun Environmental Scanning Electron Microscope), EDS (Energy Dispersive X-ray 
Spectroscopy), EBSD (Electron Back Scattering Diffraction) and numerical models carried 
out with FORGE2011
®
-3D. 
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SOMMARIO 
 
La possibilità di produrre componenti in acciaio inossidabile a costo limitato e 
caratterizzati da elevate proprietà meccaniche, ha assunto notevole importanza negli ultimi 
anni. Al giorno d'oggi, i processi di stampaggio a freddo e a semicaldo di acciai al carbonio 
sono ampiamente usati per produrre componenti industriali, grazie ai loro vantaggi 
economici, ma è ancora assente in letteratura un'ampia ricerca di nuovi metodi di 
progettazione industriale di processi di deformazione plastica a freddo e a semicaldo di 
prodotti in acciaio inossidabile, con la successiva valutazione delle proprietà 
microstrutturali.  
Negli ultimi decenni, l'industria dei processi di stampaggio è cambiata rapidamente. Ora i 
processi produttivi near-net-shape o net-shape stanno diventando una pratica utile nella 
formatura dei metalli, garantendo notevoli risparmi di materiale ed energetici. Molti 
componenti, ottenuti con lavorazioni per asportazione di truciolo, possono essere prodotti a 
basso costo mediante stampaggio a freddo o a semicaldo. Tradizionalmente, la 
progettazione dei processi di forgiatura avviene utilizzando linee guida empiriche, basate 
sull'esperienza e su tentativi trail-and-error da parte dei progettisti, che si traducono poi in 
tempi di sviluppo del processi e costi di produzione elevati. 
Per evitare ciò, negli ultimi anni, gli approcci di simulazione numerica si sono dimostrati 
strumenti potenti per prevedere e analizzare la deformazione del materiale mediante 
processo di formatura. Attualmente sul mercato sono presenti molti pacchetti commerciali 
adatti a simulare i processi di forgiatura dei metalli e la maggior parte di essi sono 
concentrati sulla previsione della forma del prodotto finale dopo operazioni di formatura 
semplici o complesse, mono- o multi-stadio. Altri aspetti vengono inclusi in questi modelli 
numerici, quali una migliore comprensione del comportamento del materiale, delle 
condizioni di attrito e lubrificazione e delle proprietà del prodotto finale, per poter 
prevedere fenomeni più complicati come la stima della vita dell'utensile, delle condizioni 
di frattura duttile e la valutazione della microstruttura. 
Lo scopo della presente tesi di dottorato è lo sviluppo di un approccio innovativo basato 
sulla progettazione di procedure sperimentali integrate con strumenti di modellazione 
numerica, per riprogettare accuratamente una serie di processi di forgiatura industriali 
mono-stadio adatti alla produzione di componenti in acciaio inossidabile a diverse 
temperature. 
Inoltre è stata effettuata la riprogettazione di un processo di formatura multi-stadio a 
freddo di un acciaio a basso tenore di carbonio, con la successiva previsione dei difetti 
superficiali che si verificano in ogni fase della sequenza di formatura. 
A tale scopo sono stati condotti una serie di test di trazione, per valutare l'influenza della 
temperatura e della velocità di deformazione sulle proprietà elasto-plastiche dei materiali 
considerati. Inoltre è stato realizzato un innovativo apparato sperimentale per riprodurre le 
condizioni di attrito reali all'interfaccia tra lo spezzone e l'utensile, al fine di prevedere con 
precisione il flusso del metallo in fase di deformazione plastica. 
I dati sperimentali sono stati validati e implementati in un software commerciale agli 
elementi finiti 3D-FE e successivamente calibrati con precisione, per effettuare accurate 
simulazioni numeriche dei processi di riferimento. 
I componenti forgiati ottenuti sono stati oggetto di indagini macro e microstrutturali, per 
valutare l'eventuale presenza di difetti superficiali, e analizzare l'evoluzione 
microstrutturale della fase α e γ a diverse temperature di forgiatura (i.e. 20, 400, 500, 600, 
700 °C). I risultati sperimentali sono stati successivamente validati mediante simulazione 
numerica. 
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I materiali studiati in questo lavoro sono: acciaio ferritico-perlitico AISI 1005 a basso 
tenore di carbonio (Wr. N. 1.0303), AISI 304L austenitico (Wr. N. 1.4307) e ferritico-
austenitico Duplex 2205 (Wr. N. 1.4462). Le prove sperimentali sviluppate sono adatte ad 
una corretta valutazione del comportamento degli acciai in termini di proprietà 
meccaniche, calibrando con precisione i modelli numerici se applicate a processi industriali 
di forgiatura tradizionali e riprogettati. 
 
Le tecniche utilizzate in questo lavoro prevedono: test di trazione, test di compressione T-
shape, controlli visivi (mediante calibro cinquantesimale e micrometro), misure di durezza 
e microdurezza, microscopia ottica (LOM), microscopia elettronica a scansione ad 
emissione di campo (FEG-ESEM), spettroscopia a dispersione di energia (EDS), 
diffrazione da retrodiffusione elettronica (EBSD) e modelli numerici sviluppati in 
FORGE2011
®
-3D. 
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AIM OF THE WORK 
 
Aim of the present work is to develop an innovative approach based on the design of 
integrated experimental procedures and modelling tools, in order to accurately re-design 
and optimize an industrial single-stage cold forging process applied to stainless steels and 
investigate its impact on the microstructural and mechanical properties of the forged 
components obtained. The same procedure has been carried out for the design of a multi-
stage cold forging process of a low-carbon steel and the prediction of underfillings and 
surface defects formation. The numerical models, describing the different material flow 
behaviour of the steels considered, has been developed in the commercial FORGE2011
®
-
3D
 
software. The reference materials for most of the work have been the AISI 1005 (Wr. 
N. 1.0303) steel, the AISI 304L (Wr. N. 1.4307) and Duplex 2205 grade (Wr. N. 1.4462) 
stainless steel. 
The following diagram represents the "leading thread" of the PhD thesis. It describes the 
relationships between the industrial case histories (i.e. the forging processes), numerical FE 
models and final forged components obtained (Fig. 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. PhD scheme of the thesis. 
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With reference to Fig. 1, the starting point is the type of process analyzed (i.e. how the 
forged component will be obtained), which requires the definition of specific parameters. 
At the same time, the FE models carried out for the design of the part need to be accurately 
calibrated, to perform fully coupled numerical simulations by using experimental tests (i.e. 
for the evaluation of material rheology behaviour and friction conditions). In addition, 
computer-aided simulation techniques in metal forming may reduce the long process 
development time and high production costs of a trial-and-error re-design of an existed 
industrial forging process (e.g. for testing a new wrought material). Moreover, the results 
of the FE models are finally compared with those obtained from the real forging process 
and a good agreement is observed (e.g. a systematic approach to predict underfilling and 
surface defects shows good agreement between numerical and experimental observations). 
The papers presented in this thesis go deeper into the various aspects illustrated in the 
previous diagram: 
- The selection and the microstructural characterization of a series of tool steels and 
surface Physical Vapor Deposition (PVD) coatings used on cold forging processes; 
- The simulating multi-stage cold forging process to reduce time-to-market and 
production costs, optimize the production-sequence design and predict the 
formation mechanisms of surface defects with good agreement between virtual and 
real defects observed; 
- The FE re-design of an industrial single-stage process to form stainless steel forged 
components and the investigation of their microstructural grain evolution at 
different forging temperatures. This helps to reduce time-to-market, production 
costs and improve product quality of the new component. 
 
In detail, the issues discussed in this thesis can be summarized as follows:  
 
- Evaluation of heat treatment conditions on the microstructural characterization of 
different types of carbides on tool steels (i.e. conventional and powder metallurgy 
high-speed steels). Selection and microstructural investigation of different single 
and multi-layer Physical Vapor Deposition (PVD) coatings feasible to coat cold 
work tools (Article I); 
- Forging-sequence re-design, carried out on a cold forging process by using 
computer-aided simulation techniques, in order to obtain a shorter development 
lead-time, lower production costs, savings in tool materials costs and the 
development of higher precision parts (Article II and III). Moreover, the formation 
mechanisms of surface defects in the optimized process-sequence analyzed have 
been studied through FEM simulations (Article II and III); 
- Study of the feasibility of a single-stage cold forging process to form forged 
stainless steel components (Article IV) and subsequent re-design to create a warm 
forging cycle. A microstructural characterization of cold-forged stainless steels 
components, in order to evaluate the preferred orientation of α and γ-phase, has also 
been made (Article IV). In addition, the differences in the deformation behaviour of 
the two phases on an AISI 1005 low-carbon steel, AISI 304L and Duplex 2205 
stainless steel are described qualitatively and quantitatively. The strain 
heterogeneities and microstructural evolution on γ-phase in stainless steels during 
warm forging process are also investigated. Finally, the strain hardening behaviour 
of the steels at cold and warm working conditions is analyzed (Article V).   
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1. General introduction 
 
The manufacture of metal parts and assemblies can be classified, in a simplified manner, 
into five general areas: primary shaping, metal forming, metal cutting, metal treatment and 
joining processes. 
Among all manufacturing processes, metal forming technology has a special place because 
it helps to produce parts of superior mechanical properties with minimum waste of 
material.  
The term metal forming refers to a group of manufacturing methods by which the given 
material, usually shapeless or of a simple geometry, is transformed into a useful part 
without change in the mass or composition of the material. This part usually has a complex 
geometry with well-defined shape, size, accuracy and tolerances, appearance and 
properties. 
In metal forming the material, a billet or a blanked sheet, is plastically deformed between 
tools (or dies) in one or more operations to obtain a product of relatively complex 
configuration. Forming to near-net or to net-shape dimensions drastically reduces metal 
removal requirements, resulting in significant material and energy savings. 
Metal forming processes are usually classified according to two broad categories: bulk, or 
massive, forming operations (such as forging, extrusion, rolling, and drawing) and sheet 
forming operations (such as brake forming, deep drawing, and stretch forming).  
In both types of process, the surfaces of the deforming metal and the tools are in contact, 
and friction between them may have a major influence on material flow. In bulk forming, 
the input material is in billet, rod, or slab form, and the surface-to-volume ratio in the 
formed part increases considerably under the action of largely compressive loading. In 
sheet forming, on the other hand, a piece of sheet metal is plastically deformed by tensile 
loads into a three-dimensional shape, often without changes in sheet thickness or surface 
characteristic. 
Processes that fall under the category of bulk forming have the following distinguishing 
features [1]: 
- The deforming material, or workpiece, undergoes large plastic (permanent) 
deformation, resulting in an appreciable change in shape or cross section; 
- The portion of the workpiece undergoing plastic deformation is generally much 
larger than the portion undergoing elastic deformation and, therefore, elastic 
recovery after deformation is negligible.  
 
Bulk forming processes are frequently used together with other manufacturing processes, 
in order to complete the transformation from the raw material to the finished and assembly-
ready part. Desirable material properties for forming include low yield strength and high 
ductility. These properties are affected by temperature and rate of deformation (i.e. strain 
rate). When the work temperature is raised, ductility is increased and yield strength is 
decreased. 
In relation to melting temperature (Tm), the effect of temperature gives rise to distinctions 
among [2]: 
- Cold forming (workpiece initially at room temperature, i.e. <0.25Tm) 
- Warm forming (workpiece heated above room temperature, but below the 
recrystallization temperature of the workpiece material, i.e. 0.25-0.65Tm) 
- Hot forming (workpiece heated above the recrystallization temperature, i.e. 
>0.65Tm). 
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Usually, the yield stress of a metal increases with increasing strain (or deformation) during 
cold forming and with increasing strain rate (or deformation rate) during hot forming.  
Fig. 1 reports the iron-carbon phase diagrams, which enable to identify the range of 
working temperatures for cold and warm forging. 
 
 
 
Fig. 1. The iron-carbon phase diagrams for steel forged metal. 
 
The design, analysis, and optimization of forming processes require knowledge regarding 
metal flow, stresses, and heat transfer as well as technological information related to 
lubrication, heating and cooling techniques, material handling, die design and manufacture 
and forming equipment. A considerable amount of information on the general aspects of 
metal forming is available in the literature [1-7]. 
The following list outlines some of the important areas of application of workpieces 
produced by metal forming [4]: 
- Components for automobiles and machine tools as well as for industrial plants; 
- Hand tools, such as hammers, pliers, screwdrivers, and surgical instruments; 
- Fasteners, such as screws, nuts, bolts, and rivets; 
- Containers, such as metal boxes, cans, and canisters; 
- Construction elements used in tunneling, mining, and quarrying (i.e. roofing and 
walling elements, pit props, etc.); 
- Fittings used in the building industry, such as for doors and windows. 
 
Examples of specific bulk forming processes are listed in Table 1. 
 
Forging Rolling Extrusion Drawing 
Closed-die forging with flash 
Closed-die forging without flash 
Coining 
Electro-upsetting 
Forward extrusion forging 
Backward extrusion forging 
Hobbing 
Isothermal forging 
Nosing 
Open-die forging 
Rotary (orbital) forging 
Precision forging 
Metal powder forging 
Radial forging 
Upsetting 
Sheet rolling 
Shape rolling 
Tube rolling 
Ring rolling 
Rotary tube piercing 
Gear rolling 
Roll forging 
Cross rolling 
Surface rolling 
Shear forming 
Tube reducing 
Nonlubricated hot extrusion 
Lubricated direct hot extrusion 
Hydrostatic extrusion 
Drawing 
Drawing with rolls 
Ironing 
Tube sinking 
 
Tab. 1. Classification of bulk (massive) forming processes [1]. 
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1.1. Cold and warm forging 
 
Cold forging is defined as forming of a bulk material at room temperature with no initial 
heating of the preform or intermediate stages (i.e. <0.25Tm, cf. §1 of "Part 1"). Cold 
extrusion is a special type of forging process wherein the cold metal flows plastically under 
compressive forces into a variety of shapes. These shapes are usually axisymmetric with 
relatively small nonsymmetrical features. The terms cold forging and cold extrusion are 
often used interchangeably and refer to well-known forming operations such as extrusion, 
upsetting or heading and coining [8-12]. Generally, several forming steps are used to 
produce a final part of relatively complex geometry, starting with a slug or billet of simple 
shape. Some basic techniques of cold forging are illustrated in Fig. 2 [13]. Through a 
combination of these processes, a very large number of parts can be produced. 
 
 
 
 
 
 
Fig. 2. Various cold forging techniques (P, Punch; C, Container; W, Workpiece; E, 
Ejector). 
 
Some of the advantages provided by the cold forging process are: 
- High production rates; 
- Excellent dimensional tolerances and surface finish for forged parts; 
- Savings in material and machining; 
- Higher tensile strengths in the forged parts than in the original materials; 
- Favorable grain flow to improve strength. 
 
In cold forging of parts with relatively complex geometries, forging pressures are 
extremely high and the ductility of the material is low. As a result, short tool life and 
defects formed during forging limit the economic use of the cold forging processes. 
Consequently warm forging (i.e. forging at temperatures below recrystallization 
temperature, cf. §1 of "Part 1") is commonly used [1]. 
 
 
 
Upsetting 
Coining 
Combined forward rod and 
backward cup extrusion 
Backward cup 
extrusion 
Forward cup 
extrusion 
Forward rod 
extrusion 
Combined forward and 
backward cup extrusion 
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This forging process may be interpreted as thermomechanical processing at elevated 
temperature to achieve the following advantages:  
- A reduction in flow stress, strain hardening, tooling loads and forging press loads; 
- Greater ductility and toughness of the forged parts; 
- Improved accuracy as compared to hot forging; 
- Enhanced product properties through grain refinement. 
 
Warm forging requires determination of the optimum forging temperature. On the other 
hand this technology is still undergoing development, particularly in aspects of surface 
treatment, lubrication and tooling. 
By far the largest area of application of cold and warm forging is the automotive. 
However, cold forged parts are also used in manufacturing bicycles, motorcycles, farm 
machinery, off-highway equipment, nuts and bolts. 
 
2. Cold and warm forging as operation system 
 
A cold-warm forging system, as shown in Fig. 3, reports all the input variables such as the 
billet or blank (i.e. geometry and material), the tooling (i.e. geometry and material), the 
condition at the tool/material interface, the mechanism of plastic deformation, the 
equipment used, the characteristics of the final product and, finally, the plant environment 
where the process is being conducted [14]. 
 
 
 
Fig. 3. Cold and warm forging as a system [14]. 
 
In a cold-warm forging process, a simple part geometry is transformed into a complex one, 
whereby the tools "store" the desired geometry and impart pressure on the deforming 
material through the tool/material interface. Forging processes usually produce little or no 
scrap and generate the final part geometry in a very short time. As a result, cold and warm 
forging offers potential savings in energy and material. In addition, for a given weight, 
parts produced by forging exhibit better mechanical, metallurgical properties and reliability 
than those manufactured by casting or machining [15]. 
Forging is an experience-oriented technology. Throughout the years, a great deal of know-
how and experience has been accumulated in this field, largely by trial-and-error methods.  
The physical phenomena describing a forging operation are difficult to express with 
quantitative relationships. The metal flow, the friction at the tool/material interface, the 
heat generation during plastic flow, and the relationships between microstructure and 
process conditions are difficult to predict and analyze. 
Often in producing discrete parts, several forging operations (i.e. preformings) are 
required. For a given operation (i.e. preforming or finish forging), such design essentially 
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consists of: a) establishing the kinematic relationships between the deformed and 
undeformed part (i.e. predicting metal flow), b) establishing the limits of formability (i.e. 
determining whether it is possible to form the part without surface or internal failure) and 
c) predicting the forces and stresses necessary to execute the forging operation so that 
tooling and equipment can be designed or selected. 
In Fig. 3 the "systems approach" in cold-warm forging allows study of the input/output 
relationships and the effect of process variables on product quality and process economics. 
The key to a successful metal forming operation (i.e. to obtaining the desired shape and 
properties), is the understanding and control of metal flow. The local metal flow is in turn 
influenced by the following input variables: 
 
Billet material 
- Geometry and initial conditions (i.e. size, temperature, history/pre-strain); 
- Flow stress and forgeability; 
- Thermal and physical properties; 
Tooling 
- Tool geometry and material; 
- Surface lubrication; 
Conditions at the tool/material interface 
- Lubricant type, temperature, application and removal; 
- Lubricity and frictional shear stress; 
Equipment 
- Speed/production rate; 
- Force/energy capabilities; 
Deformation Zone 
- The mechanics of deformation (e.g. model used for analysis); 
- Metal flow, strain, strain rate (i.e. kinematics); 
- Stresses (i.e. variation during deformation); 
- Temperatures (i.e. heat generation and transfer); 
Product 
- Dimensional accuracy/tolerances; 
- Surface finish; 
- Microstructural and mechanical properties; 
Environment 
- Available manpower; 
- Plant and production facilities and control. 
 
2.1. Steels for cold and warm forging 
 
Selection of a steel for a forged component is an integral part of the design process. A 
thorough understanding of the end use of the finished part will serve to define the required 
mechanical properties, surface finish requirements, tolerance to non-metallic inclusions, 
and the attendant inspection methods and criteria.  
Steels can be classified by a variety of different systems. The classification depending on 
the chemical composition is the most widely used.  
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Out of this classification, steels may be categorized into several main classes: 
- Low-carbon steels contain up to 0,30% C. The largest category of this class of steel 
is usually in the cold-rolled and annealed condition. The C content for these high-
formability steels is very low, less than 0,10%, with up to 0,40% Mn. 
- Medium-carbon steels are similar to low-carbon steels except that C ranges from 
0,30 to 0,60% and the Mn from 0,60 to 1,65%. Increasing C content to 
approximately 0,50% with an accompanying increase in Mn allows medium-carbon 
steels to be used in the quenched and tempered condition. 
- High-carbon steels contain from 0,60 to 1,00% C with Mn contents ranging from 
0,30 to 0,90%. 
- Ultrahigh-carbon steels are experimental alloys containing approximately 1,25 to 
2,00% C. 
 
All steels that exhibit ductility at room temperature and below recrystallization temperature 
can be respectively cold and warm forged. Stainless steels usually are not easily forged. 
Especially, cold forging of austenitic or austenitic-ferritic steels require high forces and 
tool pressures. Futhermore, these materials are difficult to lubricate. Cold forging of 
stainless steel is sometimes limited due to lack of information on the behaviour of the 
material [16]. Steels for cold forging are supplied as rolled or drawn rod or wire as well as 
in the form of sheared or sawed-off billets. 
 
2.1.1. Low-carbon steels 
 
Generally, C content is kept low in steels that require high ductility and high toughness. 
Low-carbon steels (<0,30% C) are characterized by a ferritic-pearlitic structure at as-
received conditions. Pearlite is the name given to the microstructure produced from 
austenite (A) during cooling of a steel by the following solid-state reaction (Eq. (1)): 
 
             
       
      
       
      
                                                                          
 
In the case of low-carbon steels, the ferrite (F) and cementite (Fe3C) form as roughly 
parallel lamellae to produce a composite lamellar two-phase structure named pearlite [17].  
 
Forgeability and extrudability 
 
Forgeability is the relative ability of a steel to flow under compressive loading without 
fracturing. Except for resulfurized and rephosphorized grades, most carbon and low-alloy 
steels are usually considered to have good forgeability. Carbon and alloy steels are by far 
the most commonly forged materials, and are readily forged into a wide variety of shapes 
using cold-warm forging processes and standard equipment. 
Extrusion ratio (R) is determined by dividing the original area (A0) undergoing 
deformation by the final deformed area (Af) of the workpiece (Eq. (2)): 
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Because volume remains constant during extrusion, the extrusion ratio can also be 
estimated by increase in length. An extrusion ratio of 4 to 1 indicates that the length has 
increased by approximately a factor of four. 
The extrudability of steel decreases with increasing C or alloy content. It is also adversely 
affected by greater hardness. In addition, free-machining additives (i.e. S or Pb) and non-
metallic inclusions are detrimental to extrudability. 
 
Carbon content 
Fig. 4 shows the effects of carbon content, type of annealed structure, and R on the 
ram pressure required to forward extrude a specific shape from carbon steels. Most 
carbon and alloy steels that are extruded contain up to 0.25% C. These data show 
that ram pressures are essentially the same for steels containing 0.19 and 0.26% C, 
regardless of the other variables, but that ram pressure is markedly increased as 
carbon content reaches 0.34 and 0.38%. Fig. 5 illustrates the effect of tensile 
strength on extrudability in terms of ram pressure for both the backward and 
forward extrusion of low-carbon and medium-carbon steels at different extrusion 
ratios. Because an increase in R results in a corresponding increase in the amount of 
cold deformation, the effects of work hardening will normally vary directly with R. 
 
Alloy content 
For a given carbon content, most alloy steels are harder than plain carbon steels and 
are therefore more difficult to extrude. Most alloy steels also work harden more 
rapidly than their carbon steel counterparts; therefore, they sometimes require 
intermediate annealing. 
 
Hardness 
Steels that have been spheroidize annealed are in their softest condition and are 
therefore preferred for extrusion. Fig. 4 shows that spheroidized steels are extruded 
at lower ram pressures than hot-rolled or mill-annealed steels, regardless of other 
variables. The data in Fig. 5 show that ram pressure must be increased as tensile 
strength increases for steels of low-to-medium carbon content at three extrusion 
ratios. 
 
Non-metallic inclusions 
Silicate inclusions have been found to be the most harmful. Therefore, some steels 
have been deoxidized with Al rather than Si in an attempt to keep the number of 
silicate inclusions at a minimum. The Al-killed steels have better extrudability in 
severe applications. 
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Fig. 4. Effect of C content, annealing treatment, and extrusion ratio (R) on maximum ram 
pressure in the forward extrusion of the carbon steel part from the preformed slug [3]. 
 
  
a) b) 
 
Fig. 5. Effect of tensile strength on ram pressure required for a) backward and b) forward 
extrusion of low and medium-carbon steels at different extrusion ratios. Data are for AISI 
1000, 1100, and 1500 series steels containing 0.13 to 0.44% C [3]. 
 
Cost 
 
The cost of steel as a percentage of the total manufacturing cost of forgings in shown in 
Fig. 6. These curves are based on an average of many actual forgings that are different in 
number of forging and heat-treating operations required, cost of steel, quantity, and setup 
cost. It should not be inferred from these data that an average 14 kg stainless steel forging 
will cost 34% more than an average carbon steel forging of the same weight. 
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Fig. 6. Cost of steel as a percentage of total cost of forgings [3]. 
 
2.1.2. Stainless steels 
 
The importance of stainless steels is shown in the plenitude of applications that rely on 
their use [17]. In order to impart "stainlessness" to steels, Cr must be added to at least 
about 11 wt%. At this Cr level, an adherent, self-healing Cr oxide can form on the steel 
surface in relatively benign environments. However, to guard against pitting and rusting in 
more hostile environments or in the presence of elements like C, higher Cr contents must 
be added. 
Stainless steels may be categorised into several main classes [18,19]. These are ferritic, 
austenitic, martensitic, duplex, precipitation hardening and Mn-N substituted austenitic 
stainless steels. The different properties of the various stainless steels have been studied 
extensively for a very long period and thus are very well documented in the literature. An 
early handbook on stainless steels is a very good source on this topic [20]. 
The fundamental criterion in the selection of a stainless steel is generally that it can survive 
with virtually no corrosion in the environment in which it is to be used. The choice among 
the stainless steels that can be used in that environment is then based on the alloy from 
which the component can be produced at the lowest cost, including maintenance, over the 
intended service life. The less-expensive martensitic grades are used instead of austenitic 
when high strength and hardness are better achieved by heat treating rather than by cold 
work, and mechanical properties are more important than corrosion resistance. Duplex 
grades match austenitic grades in corrosion resistance and have higher strength in the 
annealed condition but present the designer with challenges with regard to embrittling 
phases that can form with prolonged exposure to elevated temperatures and only moderate 
ductility like the ferritic alloys. 
 
Global production and consumption 
 
The importance of stainless steels may be appreciated by looking at the tonnages of their 
production and consumption in some of the major continents since the year 2000. Table 2 
clearly shows that the tonnages of production of stainless steels and heat resisting steels are 
constantly on the rise. It shows that Asia accounts for a large portion of stainless steels 
produced worldwide. Among Asian countries, China is the world’s leading producer of 
stainless steels [21,22], with per capita consumption reaching over 4,6 kg in 2006 [23]. 
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Year 
 
2001 2002 2003 2004 2005 2006 2007 
Western 
Europe/Africa 
8210 8628 9043 9422 8823 9972 9700 
Central and 
Eastern Europe 
285 279 322 318 310 363 400 
The Americas 2289 2735 2830 2933 2688 2951 2850 
Asia 8403 9048 10645 11897 12498 15074 16850 
World 19187 20690 22840 24570 24319 28359 29800 
 
Tab. 2. Tonnages of stainless and heat resisting crude steel produced in major continents 
from 2001 to 2007 (in 000 metric tonnes) [22]. 
 
2.1.2.1. Austenitic stainless steels 
 
The austenitic stainless steel is the most commonly used grade, because it provide very 
predictable levels of corrosion resistance with excellent mechanical properties. Austenitic 
stainless steels have a face-centered cubic (fcc) structure. This structure is attained through 
the liberal use of austenitizing elements such as Ni, Mn, and N. These steels are essentially 
non-magnetic in the annealed condition and can be hardened only by cold working. They 
usually possess excellent cryogenic properties and good high-temperature strength. Cr 
content generally varies from 16 to 26%, Ni up to about 35% and Mn up to 15%. The 2xx 
series steels contain N, 4 to 15,5% Mn, and up to 7% Ni. The 3xx types contain larger 
amounts of Ni and up to 2% Mn. Mo, Cu, Al, Ti and Nb may be added to confer certain 
characteristics such as halide pitting resistance or oxidation resistance. S or Se may be 
added to certain grades to improve machinability. 
 
Austenitic alloys are generally classified into three groups: 
- Lean alloys, such as 201 and 301, are generally used when high strength or high 
formability is the main objective since the lower, yet tailorable, austenite stability 
of these alloys gives a great range of work-hardening rates and great ductility. 
Richer alloys, such as 305, with minimal work hardening are the high-alloy, lowest 
work-hardening rate grade for this purpose. The general-purpose alloy 304 is within 
this group. 
- Cr-Ni alloys when the objective is high temperature oxidation resistance. This can 
be enhanced by Si and rare earth (RE) elements. If the application requires high-
temperature strength, C, Ni, Nb and Mo can be added. 302B, 309, 310, 347, and 
various proprietary alloys are found in this group. 
- Cr, Mo, Ni and N alloys when corrosion resistance is the main objective. Alloys 
such as Si and Cu are added for resistance to specific environments. This group 
includes 316L, 317L, 904L, and many proprietary grades. 
 
Lean alloys 
 
Lean austenitic alloys constitute the largest portion of all stainless steel produced. Alloys 
with less than 20% Cr and 14% Ni fall into this unofficial category. 
These grades are easily formable and can be given many attractive and useful surface 
finishes, so they are general purpose alloys. Table 3 lists some typical compositions of the 
most commonly used lean austenitic alloys. The main difference among the lean austenitic 
alloys lies in their work-hardening rate: the leaner the alloy, the lower the austenite 
stability. As unstable alloys are deformed, they transform from austenite to the much 
harder martensite. This increases the work-hardening rate and enhances ductility since it 
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delays the onset of necking since greater localized deformation is more than offset by 
greater localized strain hardening. 
 
AISI  
Designation 
C N Cr Ni Mo Mn Si  Others  
201 0.08 0.07 16.3 4.5 0.2 7.1 0.45 0.001 S 0.03 P 0.2 Cu 
201LN 0.02 0.13 16.3 4.5 0.2 7.1 0.45 0.001 S 0.03 P 0.5 Cu 
301 0.08 0.4 16.6 6.8 0.2 1.0 0.45 0.001 S 0.03 P 0.3 Cu 
304 0.05 0.05 18.3 8.1 0.3 1.8 0.45 0.001 S 0.03 P 0.3 Cu 
304L 0.02 0.09 18.3 8.1 0.3 1.8 0.45 0.013 s 0.030 P 0.4 Cu 
305 0.05 0.02 18.8 12.1 0.2 0.8 0.60 0.001 S 0.02 P 0.2 Cu 
321 0.05 0.01 17.7 9.1 0.03 1.0 0.45 0.001 S 0.03 P 0.4 Ti 
316L 0.02 0.0 16.4 10.5 2.1 1.8 0.50 0.010 S 0.03 P 0.4 Cu 
 
Tab. 3. Typical compositions of the most commonly used lean austenitic alloys [20]. 
 
Effects of Composition 
 
Chromium 
The film is first observed at about 10.5% Cr, but it is rather weak at this 
composition and affords only mild atmospheric protection. Increasing the Cr 
content to 17-20%, typical of the austenitic stainless steels, or to 26-29%, as 
possible in the newer ferritic stainless steels, greatly increases the stability of the 
passive film. However, higher Cr may adversely affect mechanical properties. 
Therefore, it is often more efficient to improve corrosion resistance by altering 
other elements, with or without some increase in Cr. 
 
Nickel 
In sufficient quantities, Ni will stabilize the austenitic structure; this greatly 
ehnances mechanical properties. Ni is effective in promoting repassivation, 
especially in reducing environments. Increasing Ni content to about 8 to 10% 
decreases resistance to stress-corrosion cracking (SCC), but further increases begin 
to restore SCC in most service environments is achieved at about 30% Ni. In the 
newer ferritic grades, in which the Ni addition is less than that required to 
destabilize the ferritic phase, there are still substantial effects. In this range, Ni 
increases yield strength, toughness and resistance to reducing acids, but makes the 
ferritic grades susceptible to SCC in concentrated magnesium chloride (MgCl2) 
solutions [24-26]. All austenitic stainless steels are susceptible to chloride cracking 
(Fig. 7). 
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Fig. 7. Relative SCC behaviour of austenitic stainless steels in boiling magnesium 
chloride [27]. 
 
Manganese 
In moderate quantities and in association with Ni additions, Mn will perform many 
of the functions attributed to Ni. However total replacement of Ni by Mn is not 
practical. High Mn steels have some unusual and useful mechanical properties, 
such as resistance to galling. Mn interacts with S in stainless steels to form MnS 
sulfides, which can have substantial effects on corrosion resistance. 
 
Molybdenum 
In combination with Cr, Mo is very effective in terms of stabilizing the passive film 
in the presence of chlorides. Mo is especially effective in increasing resistance to 
the initiation of pitting and crevice corrosion. 
 
Carbon 
C is useful to the extent that it provides strength in the high-temperature 
applications of stainless steels. In all other applications, C is detrimental to 
corrosion resistance through its reaction with Cr.  
 
Nitrogen 
N is beneficial to austenitic stainless steels in that it enhances pitting resistance, 
retards the formation of the Cr-Mo σ (sigma) phase and strengthens the steel. 
 
Forgeability and extrudability 
 
In cold and warm forging applications, a lower rate of work hardening is usually preferable 
and can be obtained in the austenitic alloys that have higher Ni contents, notably, grades 
304, 304L, and 305. 
In general, the austenitic alloys are more difficult to form as the Ni content or both the Ni 
and the Cr contents are lowered, as in grade 301. Such alloys show increased work-
hardening rates and are less suitable for cold and warm extrusion or multiple forming 
operations. The presence of the stabilizing elements Nb, Ti and Ta, as well as higher C 
contents, also exerts an adverse effect on the forming characteristics of the austenitic 
stainless steels. Therefore, the forming properties of grades 321 ad 347 stainless steel are 
less favorable than those of grades 302, 304, and 305. 
26 
The curves for 1008 low-carbon steel are included in Fig. 8 as a reference for the 
evaluation of stainless steels. Fig. 8 shows that cold work does not increase the strength of 
degree 1008 as rapidly as it does that of type 301 and the ferritic alloys. 
 
 
 
Fig. 8. A comparison of work-hardening qualities of degree 301 austenitic stainless steel, 
degrees 409 and 430 ferritic stainless steels, and 1008 low-carbon steel [3]. 
 
Based on forging pressure and load requirements, austenitic stainless steels are 
considerably more difficult to forge than carbon or low-alloy steels. Forging load 
requirements and forgeability vary widely among different types of austenitic stainless 
steels and compositions. 
The relative forging characteristics of austenitic stainless steels can be most easily depicted 
through examples of closed-die forgings. The forgeability trends these examples establish 
can be interpreted in light of the grade, type of part and forging method to be used. 
Stainless steels of the 300 series can be forged into any of the hypothetical parts illustrated 
in Fig. 9. However, the forging of stainless steel into shapes equivalent in severity to part 3 
may be prohibited by shortened die life (20 to 35% of that obtained in forging such a shape 
from carbon or low-alloy steel) and by the resulting high cost. For a given shape, die life is 
shorter in forging stainless steel than in forging carbon or low-alloy steel. 
 
 
 
Fig. 9. Three degrees of forging severity. Dimensions given in inches [3]. 
 
Forgings of mild severity, such as part 1 in Fig. 9, can be produced economically from any 
stainless steel with a single heating and about five blows. Forgings approximating the 
severity of part 2 can be produced from any stainless steel with a single heating and about 
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ten blows. For any type of stainless steel, die life in the forging of part 1 will be about 
twice that in the forging of part 2. 
Part 3 represents the maximum severity for forging all stainless steels and especially those 
with high strength at elevated temperature, namely types 309, 310, 314, 316, 317, 321 and 
347. Austenitic stainless steels are more difficult to forge than the straight-chromium types, 
but are less susceptible to surface defects. Equally important restrictions in forging the 
austenitic stainless steels apply to the finishing temperatures. The stabilized or extra low-
carbon austenitic stainless steels, which are resistant to sensitization, are sometimes strain 
hardened by small reductions at temperatures well below the forging temperature. Strain 
hardening is usually accomplished at 535 to 650 °C (referred to as warm working). When 
minimum hardness is required, the forgings are solution annealed. 
A forgeability comparison, as defined by dynamic hot hardness, is provided in Fig. 10. 
 
 
 
Fig. 10. Comparative dynamic hot hardness versus temperature (forgeability) for various 
ferrous alloys [3]. 
 
2.1.2.2. Duplex stainless steels 
 
Duplex stainless steels (DSS) are a particular category of stainless steels characterized by a 
biphasic microstructure with about equal proportions of austenite and ferrite.  
The mixed ferrite/austenite microstructure leads to different advantages if compared with 
the unique structure of the austenitic and ferritic stainless steels. In fact, DSS show more 
toughness than most ferritic grades, improved chloride stress-corrosion-cracking (SCC) 
resistance than most austenitic grades, and higher strength than most grades of either type. 
DSS are also less expensive than austenitic stainless steels with similar corrosion 
resistance, due to a lower Ni content. 
Nowadays duplex stainless steels comprise almost 1% of all stainless steels production, 
however their sector is continuously growing. Some statistics reported the trend of DSS 
market during the last years. Research from the ISSF reveals that production increased and, 
in 2008, reached 22.000 metric tonnes a month [28]. Even Gagnepain revealed the growth 
in DSS market, especially concerning with new grade DSS, as reported in Fig. 11 [29].  
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Fig. 11. Crude productions of duplex stainless steel according to global markets [29]. 
 
Today the most common duplex grade is UNS S31803/S32205 (EN 1.4462) or 
commercially named 2205, characterized by a nominal chemical composition of 22% Cr, 
5% Ni, 3% Mo, and 0.16% N. This steel is used for a wide area of applications. The DSSs 
of the previous generation showed quite good resistance to general corrosion and chloride 
stress-corrosion cracking. 
The 2205 DSS provides corrosion resistance superior to that of AISI Type 304, 316 and 
317 austenitic stainless steels in various media. 2205 DSS is commonly used as welded 
pipe and welded sheet product as well as tubular components for applications in 
environments where resistance to general corrosion and SCC are important. Moreover 
2205 DSS has higher mechanical properties than austenitic stainless steels. However the 
cost of 2205 DSS still remained quite high.  
Recently some new duplex grades have been introduced in the market following the aim to 
reduce alloying elements than 2205 grade and to maintain comparable corrosion resistance 
of the 304 and 316 austenitic stainless steels. For applications in more aggressive 
environments Mo, Cu and W alloying elements are added. 
The duplex family is now an industrial success and represents about 1% of the total 
stainless steel market. An annual growth of more than 10% is expected [30]. 
 
Duplex stainless steels are generally classified into four groups: 
- Lean duplex (such as 2304 or as 2101, with 0.05-0.6 wt% of Mo); 
- 2205, the most common grade which covers more than 80% of duplex use; 
- 25Cr duplex (such as 255 and DP-3); 
- Superduplex, with 25-26 Cr and increased Mo and N compared with the 25 Cr 
grades, including grades such as 2507, Zeron 100, UR52N, and DP-3W. 
 
Table 4 shows the chemical composition of the modern wrought duplex stainless steels. 
 
Grade UNS C Cr Ni Mo Mn N Cu W 
2304 S32304 0.03 21.5-24.5 3.0-5.5 0.0-0.6 2.5 0.05-0.20 - - 
2205 S31803 0.03 21.0-23.0 4.5-6.5 2.5-3.5 2.0 0.08-0.20 - - 
DP-3 S31260 0.03 24.0-26.0 5.5-7.5 5.5-7.5 1.0 0.10-0.30 0.20-0.80 0.10-0.5 
UR52N S32520 0.03 24.0-26.0 5.5-8.0 3.0-5.0 1.5 0.20-0.35 0.50-3.00 - 
255 S32550 0.04 24.0-27.0 4.5-6.5 2.9-3.9 1.5 0.10-0.25 1.50-2.50 - 
DP-3W S39274 0.03 24.0-26.0 6.8-8.0 2.5-3.5 1.0 0.24-0.32 0.20-0.80 1.50-2.5 
2507 S32750 0.03 24.0-26.0 6.0-8.0 3.0-5.0 1.2-2.0 0.24-0.32 0.50 - 
Zeron 100 S32760 0.03 24.0-26.1 6.0-8.1 3.0-4.0 1.0 0.20-0.30 0.50-1.00 0.50-1.0 
 
Tab. 4. Chemical composition in wt.% of wrought duplex stainless steel grades with the 
corresponding Unified Numbering System (UNS) [31]. 
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Forgeability and extrudability 
 
Duplex stainless steels have about twice the yield strength of most austenitic stainless 
steels. Their elongation, toughness and work-hardening rates are generally intermediate to 
those of the usual austenitic and ferritic grades. Duplex stainless steels can be cold formed 
and expanded. Their higher strength relative to their austenitic counterparts necessitates 
greater loads in cold-forming operations. Because elongation is lower, they should be 
formed to more generous radii than fully austenitic materials. Heavily cold-formed sections 
(>25%) should be fully annealed and quenched. Full annealing is conducted in the 
temperature range of 1010 to 1100 °C followed by a rapid cooling. 
 
Mechanical properties 
 
Many authors have studied the relation between mechanical properties and microstructure 
in DSS [32-35].  
The yield strength of DSS is two-three times that of AISI 304 austenitic stainless steel. The 
higher strength properties are related to the presence of ferrite which is, for the same 
interstitial content, stronger than austenite. However ferrite has also lower ductility. In the 
DSS the presence of ferrite is not the only reason for high strength properties. It has been 
found that DSS has stronger ferrite than those of common ferritic stainless steels. This is 
due to the smaller grain size in DSS that contributes to enhance the strength, according to 
Hall-Petch relation. The effect of both the volume fraction of ferrite and grain size was 
extensively analyzed by Floreen and Hayden [33].  
Finally it was found that yield strength, tensile strength and hardness are improved after 
cold rolling, with a slight loss in elongation [36]. The fatigue strength of DSSs is directly 
related to the yield strength [34]. Hayden and Floreen [33] assessed the relation between 
grain size and fatigue strength, stating that better fatigue properties were reached with 
duplex structure than with single phase. Grain boundaries act as obstacle to cracks 
propagation [36]. Low fatigue resistance can be enhanced both by N additions thus 
increasing austenite volume fraction, which avoid brittle fracture [37]. In high cycle fatigue 
tests the failure mechanism was mainly governed by ferritic phase [38]. Cold deformation 
seems to have slight effects on toughness at low temperatures [36], as shown by Fig. 12. 
 
 
 
Fig. 12. Effect of cold working on toughness properties in DSS [36]. 
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Applications 
 
The typical sectors where DSS find application are mainly oil production, petrochemicals 
and desalination plants. DSS are used in oil production industry thanks to their resistance 
in conditions of SCC and localized corrosion [39-41]. In general in petrochemical industry 
applications corrosion environments are less aggressive than the ones observed in oil 
refineries [39]. However the production of organic acids can cause corrosion problems, so 
duplex and superduplex, especially DSS S32803/S32205 and S32750 were found to be 
suitable materials for such applications. Since 2006 the application area covered by DSS 
became larger. Recent statistic data states that traditional applications as oil and gas, 
offshore and petrochemical declines from 27% to 7%. While segments with increased 
market share include (waste) water (9% to 18%), construction and civil engineering (6% to 
12%) and power generation (1% to 7%) [42]. DSSs are of great interest also in lightweight 
automotive design. This is due to the advantageous combination of many properties as 
corrosion resistance, surface quality, high strength and formability. Moreover high energy 
absorption in crash situation enhances the safe use this class of steels [43]. 
 
2.2. Equipment 
 
The selection of a press machine for a given process is influenced by the time, accuracy, 
and load/energy characteristics of it. Optimal equipment selection requires consideration of 
the entire forging system, including lot size, conditions at the plant, environmental effects, 
and maintenance requirements, as well as the requirements of the specific part and process 
under consideration. 
There are basically three types of presses used for cold and warm forging: hydraulic, screw 
and mechanical presses. 
Hydraulic presses are essentially load-restricted machines and their capability for carrying 
out a forming operation is limited mainly by the maximum available load [44-46]. 
The screw press uses a friction, gear, electric or hydraulic drive to accelerate the flywheel 
and the screw assembly. It converts the angular kinetic energy into the linear energy of the 
slide or ram [47]. 
Finally mechanical presses employ flywheel energy, which is transferred to the workpiece 
by a network of gears, cranks, eccentrics or levers. The ability of mechanical presses to 
deform the workpiece material is determined by the length of the press stroke and the 
available force at various stroke positions. 
Two major groups of mechanical presses are with a) crank drive or b) cam drive. Crank 
presses may have either simple or extended crank drives. Conventional crank (i.e. the total 
stroke cannot be varied) and eccentric (i.e. the total stroke is variable) presses, belong to 
the simple drives. If either a knuckle or a lever is used to extend the crank drive, the design 
are called knuckle-joint or link-drive presses. For a long time, eccentric or crank drive 
systems were the only type of drive mechanisms used in mechanical presses. 
In this PhD thesis only modified drives (i.e. knuckle-joint) are involved in the forging 
processes considered. The typical sinusoidal slide displacement of an eccentric press, 
compared with those of a knuckle-joint and a linkage-driven press, is shown in Fig. 13.  
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Fig. 13. Displacement-time diagram. A comparison of the slide motion performed by an 
eccentric, a knuckle-joint and a link-drive press [48]. 
 
The knuckle-joint drive system is capable of generating high forces with a relatively small 
crank drive. In the knuckle-joint drive, the ram velocity slows down much more rapidly 
toward the bottom dead center (BDC) than in the regular crank drive. This machine is 
successfully used for cold forming and coining applications [48]. 
In addition, considering the industrial case studies analyzed in this work, some forging 
tools are floating. They are connected with the accumulator-driven hydraulic circuit of the 
mechanical press considered and driven by the contact stresses exerted on the die/material 
interface during forging process. This forging mechanism employs an oil emulsion as the 
working medium and use air-loaded accumulators to keep the medium under pressure. 
Consequently, the rate of penetration (i.e. the ram speed under load), is not directly 
dependent on the pump characteristics and can vary depending on the pressure in the 
accumulator, the compressibility of the pressure medium and the resistance of the 
workpiece to deformation. Toward the end of the forming stroke, as deformation 
progresses, the working medium expands, the force required to form the material increases 
and the speed of penetration and the load available at the ram decrease. As the pressure 
builds up and the working medium is compressed, a certain slow down in penetration rate 
occurs. 
 
2.3. Conditions at the tool-material interface 
 
Lubricants carry out numerous tasks within the tribological system of metal forming 
technology (Fig. 14). In cold and warm working technologies, the range of suitable 
lubricants is far more diverse. In addition, the lubrication system used for steel may be 
very different from those used for other alloys [49].  
In cold forging, for example, a combination of several lubricants is used to form one 
lubricating system. After the workpieces (i.e. counterbodies) have been degreased and 
undergone subsequent chemical (pickling) pretreatment, a coating of zinc phosphate or 
iron oxalate is applied to them. The applied coatings separate the surface of the base body 
and counterbody (i.e. tool and workpiece) and thus avoid adhesive wear (i.e. fretting). This 
wear can be suppressed with conventional lubrication by adding suitable extreme pressure 
additives, which lead to formation of a reaction layer. 
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Fig. 14. Constitution of tribological systems. 
 
Efficient lubricants prevent metal to metal contact between tool and workpiece, with the 
reduction of extrusion loads and wear, avoid galling (i.e. breakdown of lubricant film) and 
improve products quality and tools life. However, they are not sufficient to ensure the 
lubrication of all regions of the forming billet [50] in cold forging systems. It means that 
high temperatures of several hundred degrees centigrade may occur in the forming zone, 
where workpiece and tool come into strong contact, which may impair or even completely 
nullify the effect of normal lubricants. The large surface expansion (i.e. ~3000%) and high 
normal pressure (i.e. ~2500 MPa) combined with elevated contact temperature between 
workpiece and tool cause the necessity of an high performance lubrification system [49,51-
57]. In the approach outlined in this PhD thesis, the separation of the surfaces is achieved 
through coating the forging tools, while the sole purpose of lubricant is to reduce friction.  
 
2.3.1. Lubrication in cold forging of steel parts  
 
Because of the severe deformation conditions typical of many cold forging operations, the 
most widely used lubrication system to prevent the tool wear and the increase of extrusion 
load in the cold forging of low-carbon steels is a conversion coating of zinc phosphate 
chemically bonded to the metal substrate. It improves the friction conditions at the tool-
workpiece interface and severe sequences of cold extrusion are also possible [58-60]. 
Zinc phosphate is a chemical conversion coating extensively used in cold forging processes 
in which high level deformation is produced [61-65]. Even though the coatings can prevent 
metal-to-metal contact between the tool and the workpiece surfaces in the early stage of 
deformation, they do not have efficient intrinsic low-friction properties due to their 
friability [62]. Thus, the coated part is provided with a lubricant by dipping into a hot bath 
of alkaline soap (typically sodium stearate) that reacts with the zinc phosphate to form zinc 
stearate, which is eventually covered with excessive sodium soap [66,67]. The crystalline 
layer of zinc phosphate partly acts as a chemical agent binding the soap to the surface and 
partly as physical carrier for the soap (Fig. 15). 
The treatment sequence to obtain this lubrication system on carbon steel billets for cold 
forging operations is shown in Table 5 [49]. 
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Fig. 15. Conventional lubricant film of phosphate coating reacted with sodium soap [49]. 
 
Type of 
operation 
Operation Time [min] Temperature [°C] 
Cleaning Alcalin grease removing 5 90 
Acid pickling HCl + inhibitor 20 30 
Rinsing Water 2 20 
Phosphating Zinc phosphate + accelerator 10 80 
Rinsing Water 2 20 
Soaping Sodium stearate 3 80 
 
Tab. 5. Phosphating and soaping procedure. 
 
The coating procedure has several environmental drawbacks [68-72]: a) sludge of heavy 
metal phosphates, which need to be reclaimed or buried, b) large water requirement in the 
rinse baths, c) periodic replacement of baths for degreasing, neutralizing, pickling and 
lubrication required and d) large amounts of waste water, typically containing grease and 
tramp oils, acid and soap. In addition to these environmental concerns, the phosphating 
process requires prolonged treatment time and high bath temperature (i.e. 80-90 °C) 
[67,70]. 
Within this conventional chemical treatment much progress has been made in the last 
decades to reduce the consumption of chemicals and the amount of waste water. This so-
called "iron-free" phosphating process results in huge amounts of sludge of iron and heavy 
metal phosphates, which has to be disposed by burying. By introducing new phosphating 
agents without the accelerating compounds of nitrite and chlorate, the consumption of 
phosphating agents can be reduced by one-third and the amount of sludge by 80-90%. 
Recent developments have led to new, advanced aqueous dispersions both of polymer 
lubricants and MoS2. The improved adhesion and increased forming capability allow a 
reduction of the number of complete chemical pre-treatment steps (e.g. lubrication without 
phosphating). 
For less demanding cold forging operations (i.e. bolt and nut production, etc.), the soap is 
replaced by a mineral oil film. Table 6 presents an overview of their major content [70,73]. 
The effects of S- and P-based extreme pressure additives were intensively studied in the 
period 1986-1991 by Komatsuzaki et al. [74,75] and Ohmori et al. [76,77]. As shown in 
Fig. 16 phosphate compounds assist lubrication at lower temperatures, S compounds in a 
somewhat higher range, but none of them is effective in the intermediate range from 200 to 
300 °C. 
Adding phosphate compounds like alkyl acid phosphate to a lubricant formulated with S 
additives feasible for high temperatures makes it possible to obtain stable lubrication in 
this medium temperature range [70,73]. Attempts to add metallic compounds of Ca and Zn 
have also occurred, and a variety of non-chlorinated cold forging oils are commercially 
available [78-80]. 
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Ingredient Main compounds 
Base oil Mineral oil, fat and oil, synthetic ester 
Extreme pressure additives Phosphorus, chlorine and sulphur 
Oilness improving agent Fatty acid, higher alcohols 
Solid lubricant Graphite, MoS2, PTFE, metal soap, etc. 
 
Tab. 6. Oil lubricants for cold forging [73]. 
 
 
 
Fig. 16. Applicable temperature range of extreme pressure additives [49,73]. 
 
2.3.2. Alternative lubricants in cold forging of steel parts 
 
For cold forging of stainless steels and other steels containing more than 5% Cr, an oxalate 
coating is used in place of the phosphate coating. This is done because it is difficult to 
phosphate these materials [49]. 
As alternatives to zinc phosphate or iron oxalate, a number of lubrication systems have 
been developed. They may be summarized into the following groups: 
 New conversion coatings 
- Electrolytic phosphate coating 
- Microporous coating 
 Lubrication without conversion coating 
- Dual bath system 
- Single bath system 
 
Electrolytic phosphating 
 
Many of the drawbacks associated with zinc phosphates are eliminated by electrolytic 
phosphating [81-83]. The main advantages are that a sludge free phosphating bath is 
obtained, the use of acid for pickling may be avoided by electrochemical pickling, the 
treatment time is considerably shortened, the working environment is improved and the 
electrochemical procedure makes it possible to phosphate high-alloyed steels and stainless 
steel, as reported by Bjerrum et al. [84,85]. 
Fig. 17 shows SEM micrographs of chemical and electrolytic phosphate coating, which 
ensure a much more uniform and finer crystalline coating with smaller film thickness. The 
phosphating time is 4 s for the electrochemical procedure. Coating thickness can 
furthermore be much better controlled, since it is linearly related to current density and 
treatment time [86]. Application of an electrolytical coating combined with zinc stearate as 
lubricant has demonstrated feasibility of severe cold forging operations such as backward 
can extrusion in AISI 304 stainless steel [87]. 
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Fig. 17. SEM micrographs of conventional and electrolytic phosphate coatings [86]. 
 
Nittel [83] reports substitution of chemical zinc or zinc-calcium phosphating with 
electrolytic calcium phosphating carried out at 25 °C bath temperature. The process has the 
same advantages as electrolytic zinc phosphating, i.e. heavy metal sludge in the 
phosphating bath is avoided. It may be applied to highly alloyed steel and stainless steel. 
Due to energy savings and in disposal of chemicals, the new conversion coating system 
also should have economic advantages. Furthermore the problems of tramp oil (i.e. mixture 
of the process lubricant with the lubricating oil for the machinery) are avoided. 
 
Microporous coating 
 
Utsunomiya et al. [88] have developed a technique to produce porous surfaces in steel 
slugs or billets by artificial oxidation at 600 °C in air, followed by subsequent reduction of 
the oxides in a hydrogen atmosphere at the same temperature. By this second treatment the 
oxide layer is transformed into a porous surface layer with an average pore diameter of 
~300 nm. The thickness of this layer is about 1 mm. The porous structure is beneficial for 
entrapment of liquid lubricants. 
Tang et al. [89,90] have also developed a porous coating that serves as an efficient 
lubricant carrier. A two-phase alloy of Sn and Zn is electrochemically deposited on the 
workpiece surface after which one of the two metals is selectively etched leaving a micro- 
or nanoporous layer of the remaining metal on the workpiece surface (Fig. 18). The layer 
thickness is typically 5 μm. When a lubricant subsequently is applied to the porous coating, 
it will be trapped in the pores acting as numerous small lubricant reservoirs and will be 
entrained in even the most demanding applications. 
 
 
 
Fig. 18. Cross-section and top view of new porous coating [89,90]. 
 
Dual bath systems 
 
Nakamura et al. [91,92] have tested a number of alternatives including single as well as 
dual bath systems. The dual bath systems form a base coating adhering to the slug or billet 
surface and an over-coating to further reduce friction. Two types of lubricants were 
investigated, a white lubricant consisting of wax and metal soap, and a black one 
consisting of MoS2 and graphite. Based on laboratory cold forging tests, these systems 
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were selected for industrial testing in a multi-stage cold extrusion operation. Both systems 
showed good performance with no sign of pick-up on the forging tools. 
 
Single bath systems 
 
In the case of more demanding cold forging operations, alternative single bath lubrication 
systems have been developed, especially in Japan. After descaling/shot blasting and hot 
water rinsing, the slugs or billets are dipped in an aqueous bath containing inorganic salt 
and an organic lubricant and subsequently dried, after which they are ready for cold 
forging. The whole procedure takes about 2 min implying that in-process lubrication is 
attainable in many cold forging lines [93,94]. 
Development of such lubricants was initiated by Toyota Motor Corp., together with MEC 
Int. Initial investigations were directed towards a series of different water-based 
compounds with fatty acid, phosphates, polymer-based dispersant and Zn- and Mo-
compounds [95-97]. During cold forging the heat developed by deformation and friction 
results in a chemical reaction between the steel slug or billet surface and the lubricant film 
containing a chelating agent. The reaction generates iron sulphide and forms a boundary 
lubricating film with Zn and S components [94,98]. 
Ngaile et al. [99] describe the systematic development of new, environmentally friendly 
metal forming lubricants for steel based on co-polymer emulsions containing acrylic and 
methacrylic monomers. The polymer forms strong ionic bonds to the metal substrate. The 
procedure for coating includes alkaline cleaning, sulphuric acid pickling, conditioning, 
polymer coating with intermediate water between the operations and final drying in hot air. 
The conditioning provides the steel billets with an inorganic layer primarily consisting of 
iron phosphate and iron oxide. This layer ensures a greater quantity of polymer coating to 
be bonded in the subsequent step. Compared to conventional zinc phosphate coating and 
soap lubrication the treatment time and water consumption are reduced by 25% and 75% 
respectively.  
Comparison of the new coating with conventional phosphate coating and soap lubrication 
in backward can extrusion measuring the backstroke force has shown seizure occurring at 
larger can height with the new lubricant. Production trials show it to be applicable in 
almost the same range as phosphate coating and soap lubrication as seen in Fig. 19. The 
new, single bath lubricants are now applied in numerous cold forging operations at Toyota 
and under trial in the most complex ones. Substituting zinc phosphate coating plus soap 
with the new lubrication system has reduced the waste from former 360 tons to a present 
45 tons, corresponding to 88% less waste. 
 
 
 
Fig. 19. Range of applicability of different cold forging lubricants [100]. 
37 
2.3.3. Lubrication in warm forging of steel parts  
 
Lubrication in warm forging of steel is very difficult, since neither the lubricants for cold 
forging nor those for hot forging are fully effective. Table 7 shows guidelines for 
lubrication in warm forging over different temperature ranges [101]. Efforts to find 
alternatives to graphite-based lubricants have been driven by: a) bad working environment, 
b) earth leakage (i.e. electric conductivity of oil), c) pipe corrosion due to electric 
conductivity and d) low recovery rate due to poor oil separation [102]. 
 
Temp. [°C] Surface Treatment Lubricant Application 
200-400 Phosphate coating Graphite, MoS2 Workpiece 
400-700 Phosphate coating 
Graphite, 
Graphite dispersed in water 
Workpiece or tool 
700-850 None 
Graphite (rapid heating) 
Graphite dispersed in water 
Workpiece and tool 
 
Tab. 7. Guidelines on lubricants for warm forging of steel [101]. 
 
Hibi [103] gives a good overview of possible water soluble high molecular weight 
polymers for warm forging. The main element in the polymer base is alkyl maleate. The 
carvone base oils are essential oils such as volatile or ethereal oils from plants. The main 
content of these lubricants are carboxylic acids such as fumaric acid and isophtalic acid. 
The liquid glass base lubricants are Si-glass containing colloidal silica. However, while a 
water soluble white lubricant improves the working conditions compared to a graphite 
lubricant in general, it continuously dissolves in water, and produces a high environmental 
burden associated with difficulties in waste liquid disposal. 
Therefore, separation of such oil content and sludge and improvement in the disposability 
of waste liquid are the keys to improving environmental performance [104].  
 
2.3.4. Experimental procedure 
 
Conversion coatings are popular lubricant films for cold forging. However they have 
environmental risks, because a lot of sludge and waste fluid are generated during the 
coating process (cf. §2.3.1 of "Part 1"). 
In this PhD thesis, in order to replace the conversion coatings and reduce the 
environmental risks, a single bath lubrication system was developed to coat the surface of 
the cylindrical billets for subsequent cold forging tests (i.e. single-stage, multi-stage and 
friction tests).  
The development of such lubrication process was carried out by Henkel Italy S.p.A., 
together with Zoppelletto S.p.A. and the Department of Management and Engineering 
(DTG). The tests were performed at Zoppelletto S.p.A. 
For major details on the cylindrical billet geometries tested see §1 and §2 of "Part 2". The 
reference materials for most of the work and experimental tests conducted have been a 
low-carbon AISI 1005 steel, AISI 304L and Duplex 2205 stainless steel. 
After sandblasting and hot water rising, the billets were dipped in an aqueous bath 
containing 70% of Bonderlube FL 744 lubricant (Fig. 20), and subsequently dried in a 
muffle furnace. 
The treatment sequence (i.e. times and bath temperatures) to obtain this lubrication system 
on low-carbon and stainless steel billets for cold forging operations is shown in Table 8. 
The cleaning operations were designed to remove fine scale and grease from the billet 
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surface. The sandblasting even provided a porous structure on it that is beneficial for 
entrapment of liquid lubricant.  
The Bonderlube FL 744 lubricant was a water-based compound, which generic chemical 
composition were: sodium nitrite 0.1-1%, dipotassium tetraborate tetrahydrate 5-10% and 
water 89-94.9%. 
 
Type of 
operation 
Operation Time [min] Temperature [°C] 
Cleaning Sandblasting 10 - 
Rinsing Water 10 50 
Lubrication Bonderlube FL 744 10 55 
Air drying Muffle furnace 15 150 
 
Tab. 8. Bonderlube FL 744 treatment sequence of steel billets. 
 
 
 
Fig. 20. Concentration of Bonderlube FL 744 lubricant as a function of the measured 
electrical conductivity of the bath.   
 
On the other hand, the warm forging tests on stainless steels were conducted without 
applying any type of lubricant on the initial billets.  
 
2.4. Tooling 
 
The choice of a tool material is a very difficult task for designers and process engineers. 
The life of a tool and its suitability for production depend on many factors which often 
have opposing consequences. The design and manufacture of tools and the selection of the 
tool materials are very important in the production of discrete parts by forging. 
The design of tools is also affected by many forging parameters, such as the flow stress of 
the workpiece material, the type of the process, the geometry of the die and the slug or 
preform and lubrication conditions. 
In this PhD thesis, each stage of the forging cycles considered presented punches, 
workpiece ejectors and dies. The punch is the portion of the tool assembly that forms the 
internal surface of the workpiece and the die contains the part and forms the external 
surface. Moreover, the die inserts are prestressed with one shrink rings so that they can 
withstand the high stresses present in the die cavity. Tools for cold and warm forging can 
be of different configurations, depending on the design preferences or operational 
requirements. 
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Tools manufacture 
 
Forging tools (i.e. punches and dies) for most of the work reported in this thesis are 
machined from solid blocks or forged die steels. The information flow and processing steps 
used in tool manufacturing are divided into die design, heat treatment, tool path generation, 
rough machining (of die block and/or electrical discharge machining electrode), finish 
machining (including semi-finishing where necessary), manual finishing, or benching 
(including manual polishing) and tryout. 
 
Tools materials for cold and warm forging 
 
The material used to produce each tool component can be selected once the dimensions of 
the tool have been fixed. Tools for cold and warm forging processes are in sliding contact 
with solid metal parts for a portion of their working time and may be subject to high 
stresses for short periods of time during operation. Conventional cold-warm work tool 
steels (i.e. oil-hardening, air-hardening, high-carbon, high-chromium and high-speed 
steels) contain additions of Cr, W, V and Mo to provide deep hardening characteristics, 
high wear and high abrasion resistance [105-107]. 
 
The AISI classification system arranges these steels into groups that are based on 
prominent characteristics (i.e. alloying, application or heat-treatment) and identifies them 
with letter symbols [108-110]: 
- Oil-hardening steels ("O"); 
- Air-hardening steels ("A"); 
- High-carbon, high-chromium steels ("D"); 
- Tungsten high-speed steels ("T"); 
- Molydbenum high-speed steels ("M"). 
 
Moreover high-speed steels (HSS) are denoted with the letters "HS" and the percents of 
alloy elements in the order W-Mo-V, according to DIN EN 10027a. 
Table 9 lists some typical chemical compositions of the most commonly used conventional 
cold and warm work tool steels. 
 
International steel No. Chemical composition 
AISI System 
Unified Numbering System 
(UNS No.) 
C Mn Si Cr V W Mo 
O1 T31501 0.9 1.0 - 0.5 - 0.5 - 
A2 T30102 1.0 - - 5.0 - - 1.0 
D2 T30402 1.5 - - 12.0 1.0 - 1.0 
D3 T30403 2.3 - - 12.0 - - - 
M2 T11302 1.0 - - 4.0 2.0 6.0 5.0 
 
Tab. 9. Common cold and warm work tool steels listed in the AISI system [111]. 
 
Not only is tempered high-carbon martensite an important component of the microstructure 
for these steels, but large volume fractions of alloy carbides also play an important role in 
achieving high hardness and wear resistance, especially in high-speed steels [112-114]. 
Enhanced demand for high-quality tool steels at the present time results in the necessity to 
produce steels with higher amounts of carbon, as well as of other alloying elements. 
However, increasing the concentration of the alloying elements generally promotes 
segregation effects and coarsening of carbides, and hence a considerable reduction of the 
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toughness. One way how to suppress segregation and coarsening is the application of 
powder metallurgy (PM) processes. Recently, powder metallurgy (PM) techniques are 
becoming increasingly widespread for manufacturing high-speed steels. In addition to the 
typical advantages of PM (i.e. raw material saving, low-energy costs), PM HSSs present 
better microstructural features than conventional (wrought) steels, such as homogeneity of 
carbide distribution in the matrix and smaller grain and fine carbide sizes, among others 
[115,116]. These advantages result in an enhancement of the wear resistance, toughness 
and hardness compared with the conventional cold and warm work tool steels.  
In order to achieve the desired properties of a particular steel, an appropriate procedure of 
thermal treatment should be used [117]. Generally, it includes hardening and tempering 
and, after it, the cold-warm work tool steels should be characterized by hardness in a range 
of 50-65 HRC (considerably higher than that of the forged product), good hardenability, 
high tensile strength, high impact strength and low abrasibility. 
The quenching rate from the austenitizing temperature is of great importance for achieving 
the optimum mechanical properties of a tool steel. It is necessary to bypass the 
proeutectoid and perlite nose in the kinetic diagram and to ensure that the alloying 
elements remain dissolved in the matrix to the maximum extent. In the case of high-quality 
high-speed steels fast cooling is generally performed by gas (nitrogen) in vacuum furnaces 
[118]. 
As mentioned before, the properties of any tool steel are determined by the type, 
distribution and morphology of the carbides present in the microstructure. Depending on 
the chemical composition of a high-speed steel and on the cooling rate, the following types 
of primary carbide appear in the alloyed steels after solidification: MC, M2C and M6C. 
Other carbides are of a minor importance [118]. The M2C carbides decompose into the 
M6C and MC ones during the high temperature annealing [119]. The MC carbides dissolve 
during austenitisation only to a very limited extent due to their high thermal stability [120]. 
In recent years, powder metallurgical nitrogen alloyed cold-warm work tool steel with 
excellent anti galling properties [121,122]. N increases the stability of V-nitride and the 
size of the hard phases become very small in the final tool material. Fig. 21 shows a 
comparison of the microstructure of  this type of steel with conventional cold-warm work 
tool steels. Traditional tool steel has large carbides and uneven distribution. The nitrogen 
alloyed PM tool steel has a high fraction of more densely distributed MN phase consisting 
mainly of V(N,C) (black phase in Fig. 21) and furthermore a small fraction of Mo-rich 
carbides. 
 
 
         
 
             
a) b) 
 
Fig. 21. Microstructure, hardness and amount of hard phase in a a) conventional and a b) 
PM tool steel. Note the scaling is 50 and 5 μm for the conventional and PM steel, 
respectively [109]. 
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In this thesis, the effects of heat treatments on microstructure of a conventional and a PM 
HSS tool steel have been studied in this work (Article I) and the results found could be 
summarized as: 
- PM HSS steel shows fine-dispersed and homogeneous-distributed carbides into the 
matrix. The presence of W-Mo and V-W-Mo rich carbides, and Mn-sulphides are 
revealed. 
- Fine Mn-sulphides and large and unevenly distributed V-rich and V-Cr rich 
carbides are detected in conventional tool steel. 
 
PVD coatings 
 
By optimising forging processes, it is possible to reduce the use of lubricants, but it cannot 
be completely avoid. Coating processes deposit an overlayer on the tool surface. Under 
cold-warm forging conditions, thin-film coatings deposited by physical vapour deposition 
(PVD) or chemical vapor deposition (CVD) are likely to crack or even delaminate. 
However, a PVD or CVD coating can be used for forging tools when deposited over 
another coating, or on top of a surface modified underlayer. In this instance, customized 
PVD coating system provide a powerful tool in this field and the underlying coating or 
surface modification process provides support for the overlay coating [123,124].  
Many PVD coatings are single-layers. On the other hand, one of the problems in applying 
PVD coatings for cold and warm forging tools is the high hardness and Young’s modulus 
compared to the base tool material leading to risk of coating fracture. Due to the fact that 
these tools have relatively low bulk hardness (i.e. 50-65 HRC), it is supposed that such soft 
substrates could not efficiently serve as a basis for a physical vapour deposited (PVD) 
coating, which is only a few micrometers thick. For this reason multi-layer coatings, that 
combine the properties of the component layers, are becoming increasingly popular. In 
recent years, several multi-layer PVD coatings have recently emerged and an interlayer is 
sometimes deposited between a PVD coating and the substrate to enhance adhesion. 
Some common PVD coatings are listed in Table 10. 
 
Coating  Typical coating thickness [μm] Hardness [HV] 
TiN 1-5 2300-2900 
AlCrN 1-5 3000-3200 
TiCN 1-5 3000-3500 
DLC 1-10 1000-5000 
MoS2/Ti 2-5 1500-2100 
 
Tab. 10. Some common PVD coatings [110]. 
 
In this thesis the composition and surface morphology of different single- and multi-layer 
PVD coatings, applied on cold-warm forging tools, have been studied in this work (Article 
I), using ESEM-FEG microscopy equipped with an energy dispersive x-ray spectroscopy 
(EDS). The analysis included a single-layer TiN and a double-layer TiN/AlCrN PVD 
coating deposition on different tool steel substrates. In addition a combined process, as so 
called duplex treatment, consisting of ion nitriding and subsequent multi-layer TiAlCN 
PVD deposition technology is also investigated. The decisive advantage of these multi-
layer coatings are that the surface and the subsurface of the substrate are first modified to 
produce a deep hardened case, which can be up to a few ten micrometers thick, in order to 
enhance coating adhesion. 
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PART 2 
 
PROCESS MODELLING 
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1. General introduction 
 
The environment concerning the recent forging industry has been rapidly changed. 
Decreasing experienced designer and making higher quality product within shorter 
development time are important issue recently. Therefore, the importance of Computer 
Aided Engineering (CAE) in forging process design has been raised remarkably to 
overcome the difficulties in the new design environment. 
The finite-element method (FEM) is one of the numerical techniques used for solving 
differential equations governing engineering problems. Development of FE process 
simulation in forging started in the late 1970s [125-127]. Nowadays commercial FE 
simulation softwares are gaining wide acceptance in the forging industry and are becoming 
an integral part of the forging process design [128-131]. 
 
The main objectives of the numerical process design in forging are [132]: 
 To develop adequate tool design and establish process parameters by: 
- Process simulation to assure die fill and prevent flow-induced defects; 
- Predicting processing limits and temperatures (i.e. friction conditions and 
tool wear can be controlled); 
 To improve part quality and complexity while reducing manufacturing costs by: 
- Predicting and improving grain flow and microstructure; 
- Reducing tool tryouts and lead times; 
 To predict forging load and energy as well as tool stresses so that: 
- Premature tool failure can be avoided; 
- The appropriate forging machines can be selected for a given application. 
 
In its earlier application, process modelling of closed-die cold and warm forging using FE 
modelling helped tool design engineers to foresee the metal flow and possible defect 
formation in a forging [133,134]. After the forging simulation is done, the contours of state 
variables, such as effective strain, effective strain rate and temperature at any instant of 
time during forging, can be generated. Integrated with the process modelling, 
microstructure modelling allows the right-the-first-time optimum metallurgical features of 
the forging to be foreseen on the computer, such as grain size [135,136]. 
The numerical models developed in this PhD thesis were thermo-mechanical models 
carried out with the FORGE2011
®
-3D
 
commercial software (Transvalor, Mougins, 
France). This FE code enables coupled modelling of deformation and friction conditions 
evolution for the simulation of cold and warm forging operations and its main features are 
briefly described. The minimum work rate principle is used for accurate calculation of 
metal flow, thus the velocity distributions which predicts the lowest work is the best 
approximation of the actual velocity distribution. The manner in which the problem is 
divided into little subproblems that are easier to formulate is a process called meshing and 
represents the principle of FEM theory. Bodies are divided in several elements 
representing a portion of material. 
 
2. Process modelling input 
 
It is well known that the quality of the simulations based on the FE analysis results is 
highly related with the use of reliable process input-data of the simulated processes and the 
material properties. A guide of validation of FE simulations in the bulk metal forming 
processes has been reported by Tekkaya [137]. The validations of numerical simulations 
are virtually based on the comparisons of modelling results with those of the forming 
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processes. Once the model is validated, it becomes a very powerful tool, not only in the 
designing stage of forming process but also in the identification of the operating faulty 
designs. Process modelling input is discussed in terms of geometric parameters, process 
parameters, tool and workpiece material properties, interface conditions (i.e. friction) and 
material parameters [138]. Information flow in process modelling of closed-die cold and 
warm forging is shown schematically in Fig. 22 [139]. The modelling is then performed to 
provide information on the metal flow and thermo-mechanical history, the distribution of 
the state variables at any stage and the equipment response of the forging. The histories of 
the state variables are then input to the microstructure model for microstructural feature 
prediction. 
 
 
 
Fig. 22. Flow chart of modelling of closed-die cold and warm forging processes [139]. 
 
2.1. Geometric parameters 
 
The starting two or three-dimensional workpiece and tools CAD geometries need to be 
defined in a closed-die forging modelling. Boundary conditions on specific segments of the 
workpiece and tools that relate to deformation need to be defined. In this case, 
FORGE2011
®
-3D
 
software has an automatic remeshing capabilities, which is important in 
the simulation of metal forming operations with large material deformations and 
displacements. The 2D elements use triangular elements, whereas  3D parts (i.e. cylindrical 
billets and forging tools) consider tetrahedral elements for meshing and automatic 
remeshing [140].  
 
2.2. Process parameters 
 
The typical process parameters considered in a close-die cold and warm forging include 
[138]: 
- The environment and workpiece temperature; 
- The press kinematic; 
- The heat-transfer coefficients (HTC); 
- The friction coefficients at the tool-workpiece interface. 
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Moreover, the tools (i.e. punches and dies) velocity is a very important parameter to be 
defined in the modelling of a closed-die forging [138].  
 
2.3. Material parameters 
 
In order to accurately predict the metal flow and forming loads, it is necessary to use 
reliable input data. The yield stress of a metal under uniaxial conditions can also 
considered as the "flow stress". The metal starts flowing or deforming plastically when the 
applied stress reaches the value of the yield stress or flow stress. The flow stress of a metal 
is influenced by many factors such as chemical composition, metallurgical structure, 
phases, grain size, segregation, temperature of deformation, strain and strain rate. For a 
given microstructure, the flow stress σ is expressed as a function of strain ԑ, strain rate    
and temperature T (Eq. (3)): 
 
                                                                                                                                                 
 
To formulate the constitutive equation (Eq. (6)) and be useful in metal forming processes, 
it is necessary to conduct experimental tests, such as tensile tests. 
Rheological models describe the during-deformation aspect of the material response in 
terms of the current value of the flow stress [139]. In the empirical-analytical models, the 
flow stress is calculated as a function of the current process parameters by using an 
empirically derived equation [141]. The following expression represents the oldest 
formulation of this kind of model, where the flow stress is determined as a function of a 
single variable, respectively the equivalent strain or strain rate in cold and hot conditions 
(Eq. (4)) [142,143]: 
 
   ԑ                                                                                                                                                 
 
where σ is the equivalent stress, ε is the equivalent strain and k is a constant material 
coefficient. 
The simultaneous dependence on equivalent strain  , equivalent strain rate   and 
temperature T is expressed by the Norton-Hoff constitutive law (Eq. (5)): 
 
        
 
                                                                                                                                      
 
where k indicates the material consistency, n is the strain hardening coefficient and m 
represents the material strain rate dependency. The influence of the absolute temperature T 
is described through the exponential term of Eq. (5) where   is a constant material 
coefficient. To improve the fitting of this model the n and m coefficients can be described 
as functions of the temperature T. 
The most accurate representation of the flow curve in cold and hot deformation conditions 
for FE simulations is the Hansell-Spittel constitutive law (Eq. (6)): 
 
      
                                                                                 
 
where σ is the stress tensor, ε the strain tensor,   the strain rate tensor and T the 
temperature. 
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These models generally provide excellent mapping of the experimental σ-ε curves. They 
are more used than other types, because they make it easy to identify the constitutive 
material coefficients, which can be easily implemented in FE codes.  
In this thesis the material rheological behaviour in FORGE2011
®
-3D
 
software was 
described by the Hansel-Spittel law. In order to assure the repeatability of the results and 
perform reliable thermo-mechanical coupled simulations, the mean values of typical 
mechanical properties (i.e. Yield and Ultimate strength) in evolution with temperature 
were implemented in the FE models developed [144]. Moreover, forging tools were 
considered as rigid bodies, thus their deformations and stresses were neglected. 
 
2.4. Friction models 
 
A friction model is another of the key input boundary conditions in FE simulations. The 
importance of tribological considerations in bulk metal forming has been generally 
recognized as affecting output results predicted: tool and tool life, metal flow during 
forming, workpiece integrity and surface finish, the relationship of lubricant to machine 
elements and energy conservation [145-149]. However, how to exactly express a friction 
model in bulk metal forming is, at times, rather controversial [147]. In commercial FEM 
packages (e.g. FORGE2011
®
-3D), Amontons-Coulomb, constant and general friction 
models are normally applied. 
 
Amontons-Coulomb friction model 
 
Friction is most commonly characterized by using constant coefficient of friction model, 
variously attributed to Amontons, Coulomb or Da Vinci (Eq. (7)) [146,150]: 
 
                                                                                                                                                    
 
where τ is the friction stress, μ is the coefficient of friction and p is the normal pressure. 
Dry slipping occurs over the whole tool-workpiece interface. Friction stress τ is directly 
proportional to local normal pressure p (Fig. 23a). This model is used for most applications 
due to its simplicity. 
 
Constant friction model 
 
This model was proposed by Orowan in 1943. Model assumes that friction stress is 
proportional to interface pressure, as in Amontons-Coulomb model, until a critical value of 
interface pressure is reached. Above the critical pressure, which is associated with real area 
of contact becoming equal to the apparent area, the friction stress is constant and equal to 
yield stress in pure shear stress conditions (Fig. 23b). It is one of most popular model due 
to its simplicity. However it is not accurate, since friction does not depend on the current 
state of stress at the tool-workpiece interface, but simply on material property (Eq. (8)) 
[146,151]: 
 
                                                                                                                                                   
 
where k is the shear flow stress and m is the friction factor. 
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General friction model 
 
Friction models, mentioned up to here, are relatively insufficient to model bulk metal 
forming operations, since those are simply depend on either material property or normal 
pressure value. 
In an earlier study Wanheim [152] stated that Amontons-Coulomb’s friction law should 
not be applied when the normal pressure is higher than approximately yield stress of the 
material. It was also put forward the necessity of considering the frictional stress as a 
function of normal pressure, surface topography, length of sliding, viscosity and 
compressibility of the lubricant. With this aim Wanheim, Bay and Petersen developed a 
general friction model [153]. The model can be considered as an updated model of 
constant friction (Eq. (9)) [152-154]: 
 
                                                                                                                                                
 
where k is the shear flow stress, f is the friction factor expressing the friction in real contact 
(0 ≤  f  ≤ 1) and α is the ratio of real to the apparent contact area. The real contact ratio α 
and friction stress τ are determined as functions of the nominal normal pressure      and 
friction factor (Fig. 23c). 
 
   
a) b) c) 
 
Fig. 23. a) Amontons-Coulomb friction model, b) constant friction model and c) 
normalized friction stress as a function of nominal normal pressure and friction factor for 
the general friction model. 
 
The model assumes that the friction to be proportional to the normal stress at low normal 
pressure (i.e.         ), but going towards a constant value at high normal pressure (i.e. 
      ). These two ranges are being combined by the intermediate transition region as 
shown in Fig. 23b. It is found that friction conditions at high normal pressures differ 
greatly from friction conditions at low normal pressures. Amontons-Coulomb’s law is 
valid only until (        ), irrespective of friction factor value. Starting from this point, 
coefficient of friction would become pressure dependent. In metal working processes, 
normal pressure is often considerably greater than the yield stress of the material and, 
consequently, in Amontons-Coulomb’s law friction stress becomes greater than yield stress 
of the material in pure shear. However Amontons-Coulomb’s law in the case of small f 
values (f < 0.2) is nearly correct at high pressures [153]. 
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Evaluation of friction models 
 
The models mentioned above are the eminent ones in bulk metal forming. One can say that 
with the new models taking into account the non-linear frictional forces and asperity 
deformation during the process have advantages in analyzing friction. For example, 
researches showed that using general friction model better estimation of the material flow 
than Amontons-Coulomb’s law were obtained [153]. Even though the validity of the 
general friction model had verified experimentally, its implementation in FE software for 
metal forming has so far been limited. Therefore this model also must be verified with 
other bulk metal forming operations.  
A comprehensive research made by Tan [155] investigating differences between five 
friction models (including Amontons-Coulomb’s, constant and general friction models, 
and two others) in obtaining calibration curves. The most important conclusion for friction 
models was that it was difficult to establish a friction model that valid for all kind of 
metalworking processes for different conditions. With the better understanding and 
analyzing of friction it will be possible to understand the metal flow, the forming loads 
inside a die accurately and it leads to reduce the number of tool design trial-and-error 
processes. 
Conventional FE programs, such as FORGE2011
®
-3D
 
software used in this thesis, adopt 
either Amontons-Coulomb friction model or constant friction model to describe friction 
between the workpiece and the tools in metal forming processes by simple relationships. In 
cold and warm forging processes, the Eq. (8) describes the friction conditions better than 
the Coulomb friction law (i.e. Eq (9)) especially to the high pressure conditions [156]. 
 
2.4.1. Experimental friction test methods in cold and warm forging 
 
In the experimental determination of friction in metal forming, direct and indirect methods 
are distinguished. These tests differ in their aspects of the complexity of the setup and their 
aptness to simulate the exact production conditions.  
In direct testing methods, the friction stresses are acquired by using measurement pins 
locally in the tool-workpiece interface, whereas friction is determined via a deduced 
quantity such as force or deformation in indirect experiments. 
For the characterization of lubricants, usually indirect methods are used because in indirect 
measurements the friction stress is averaged on the entire tool-workpiece interface and thus 
local inhomogeneities are compensated. 
Indirect tests, in which friction is determined from force or torque measurements, allow a 
more detailed investigation of the tribological interactions in the tool-workpiece interface. 
Hansen and Bay performed backward-can-extrusion followed by a rotation of the 
container, where the torque transferred from the cup to the punch is measured (Fig. 24a) 
[157]. Groche and Kappes used a sliding-upsetting test, in which at first a cylindrical 
specimen is compressed with a special tool in order to obtain an homogenous surface 
expansion on the bottom side of the specimen and then the lower tool is moved and the 
sliding force is measured (Fig. 24b) [158]. Doege et al. developed a model experiment to 
determine friction and heat transfer in backward-can-extrusion by means of a lower punch 
equipped with strain gauges and thermocouples (Fig. 24c) [159]. Lately, two different 
research teams evaluated lubricants by performing a sliding-upsetting test where relative 
motion is applied on an indenter penetrating a cylindrical billet (Fig. 24d) [160,161]. 
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a) b) c) d) 
 
Fig. 24. Indirect friction tests, where friction is determined from force (or torque) 
measurements (the specimens are marked gray): a) backward can extrusion test [157], b) 
sliding-upsetting test [158], c) backward can extrusion test [159] and d) upsetting-sliding 
test [160,161]. 
 
Indirect testing methods, where friction is determined from specimen deformation, are very 
popular in industrial practice. These tests are easy to perform and represent the real process 
very well. The most popular and simplest friction test in this category is the ring-
compression test, initially proposed by Kunogi [162] and then developed by Male and 
Cockcroft [163] (Fig. 25a). The concept of the test is the increasing or decreasing of inner 
diameter of a short ring specimen when it is compressed between two flat, parallel platens. 
It provides a particular knowledge about the friction factor at the tool-workpiece interface. 
If the friction is low (i.e. good lubrication), the internal diameter increases; while if the 
friction is high (i.e. poor lubrication), the internal diameter decreases. Calibration curves 
are formed to ring geometries and each geometry has its own specific set of curves [164]. 
Once the percentage of reduction in internal diameter and height are known, one can 
determine coefficient of the friction using the appropriate chart. 
This test is widely recognized as one of the best methods for evaluating friction by virtue 
of the advantages of there being no need for force measurement during the test, nor a 
knowledge of the yield strength of the material [165-168]. However, this test induces a 
very simple deformation path and relative small new surface expansion ratio, which is 
nearly equals to 20%. 
Fig. 25b shows the double-cup-extrusion (DCE) test initially explored by Geiger [169] and 
then developed by Bunschhausen et al. [170], Arentoft et al. [171] and Kim et al. [172]. 
This test combines the single-cup forward and backward extrusion which reflects the real 
process conditions more accurately. Fig. 25b shows the principle of test where h1 is the 
upper cup height and h2 is the lower cup height. The cups were generated by the action of 
the upper punch, which moves down with the press ram while the lower punch and 
container are stationary. The output of DCE test are the cup heights and these are used to 
determine the cup height ratio as the ratio between h1 and h2. 
Fundamental knowledge about DCE test is that cup height ratio increases with the 
increasing of the friction coefficient. If the friction is very low, the two cups will have the 
same height, while in severe friction conditions the forward extrusion cup will be 
prevented. On the other hand, some researchers stated that this test is strongly influenced 
by the loads required for the double cup extrusion, that are lower than the ones needed for 
single forward and backward extrusion [173]. In addition other authors found that the 
maximum contact pressure between specimen and container is rather small (i.e. <700 MPa 
for low-carbon steel) [174].  
In Fig. 25c the spike test utilized for lubricant characterization is presented [175]. This test 
combines an extrusion and an upsetting operation. It can be used to determine friction, 
because the load and spike height increase with friction. The spike test requires a top die 
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with a sharp-corned tapered orifice of circular cross-section and a flat-bottom die. A 
circular billet squeezed between the dies flows both sideways and into the orifice. Higher 
friction restricts sideways flow and therefore a longer spike is extruded. This test 
eliminates the difficulty faced in extracting the tested specimen, such as in DCE test. 
However, like in ring compression test, the cylindrical surface of specimens are not in 
contact with the tools of the test and contact conditions can be different with the ones on 
end surfaces. 
 
   
a) b) c) 
 
Fig. 25. Indirect friction tests, where friction is determined from the change of the 
specimen’s shape (the specimens are marked gray): a) ring-compression test performed 
[162,163], b) double-cup-extrusion test [170,172] and c) spike test [175]. 
 
In this thesis, to overcome the limits of the spike test, a new T-shape compression method 
to measure the interfacial friction during forging processes is validate by means of 
numerical simulations and experiments. To evaluate the selected lubrificants and measure 
their corresponding friction factors, the experimental tests have been coupled with FE 
simulations. This test validated the numerical studies and provided the friction factor m and 
coefficient μ for different lubrication conditions (cf. §5.2 of "Part 2"). 
 
3. Process modelling output 
 
The output of process modelling can be discussed in terms of the metal flow, the 
distribution and history of state variables and the equipment response during forging. 
 
3.1. Metal flow 
 
The information on metal flow is very important for tool design. Improper metal flow 
produces defects in the forging. The advantage of computer simulation for forging is that 
the entire forging process is stored in a database file and can be tracked. Whether there is a 
defect formed and how it is formed can be previewed before the actual forging (Article II, 
and  III). 
 
3.2. Distribution and history of state variables 
 
The distribution of the state variables on each stage of a closed-die cold-warm forging, can 
be plotted from the database file saved for the forging simulation. The history plot of state 
variables provides valuable informations on the thermo-mechanical history of the forging 
that determines its mechanical properties. 
 
 
h1 
h2 
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3.3. Equipment response 
 
Process modelling also provides the information regarding the response of the equipments 
(e.g. forging loads on tools). During a closed-die forging operation the workpiece rises its 
contact area with the tools, which increases the forging load.  
 
4. Inverse FE analysis theoretical bases for determination of flow stress 
and friction conditions 
 
As mentioned before, the FE analysis (FEA) based simulation of metal forming processes 
has been widely used to predict metal flow and to optimize the manufacturing operations. 
By using user-friendly commercial FE software, the assign input parameters in the flow 
stress equation, friction factor and anisotropy coefficients of a material are usually 
obtained from the appropriate tests. The results of process simulation are extremely 
sensitive to the accuracy of flow stress and interface friction that are input to FEM 
programs. Therefore, it is essential that these input values are determined using reliable 
material tests and accurate evaluation methods. A test used to determine material 
properties should replicate processing conditions that exist in practical applications. 
In this thesis, an inverse analysis technique will be used to determine material parameters 
in the flow stress model and the friction at the tool-workpiece interface. Therefore its 
theoretical bases are briefly introduced for the accurate determination of the input data for 
FEM process simulations.  
A physical system can be described through a mathematical model able to express the 
system response M
C
 taking into account the boundary conditions. This direct model can be 
given as (Eq. (11)): 
 
                                                                                                                                                
 
where x represents the parameters describing the system under study and S is called 
forward operator. 
On the contrary, the inverse analysis consists in determining the condition x leading a 
physical system to describe the experimental value M
exp
, and can be expressed as the 
determination of (Eq. (12)): 
 
                                                                                                                      
 
The complexity of most direct models commonly adopted is sometime so elaborate that a 
simple inversion of the model results impossible; therefore regression methods are instead 
used, in order to predict an experimental state M
exp
 closer as possible to the predicted value 
M
C
 [176]. Only in the last years a systematic study for a general formulation and resolution 
of inverse problems has been performed involving several fields such as electronic [177], 
structural analysis [178], heat engineering [179], geometrical optimization [180] and 
rheological parameters identification [181]. 
A FE analysis of a generic metal forming process, as illustrated in Fig. 26a, is regarded as 
direct problem. 
In the direct problem FEA predicts the metal flow, forming load and energy by simulating 
the forming operation assuming that the flow stress and friction values are known. 
Compared with the direct problem, in the inverse problem the authors determine one or 
more of input data of the direct problem, leading to the best fit between experimental 
measurements and FEM prediction. With experimental data provided to the inverse 
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problem, the input parameters are identified or calibrated (Fig. 26b). Therefore, an inverse 
problem is regarded as a parameter identification problem that can be formulated further as 
an optimization problem where the difference between measurement and FEM prediction 
is minimized by adjusting the input parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) b) 
 
Fig. 26. Comparison between a) direct and b) inverse models. 
 
The inverse problem finds the model parameters given the observables values of the 
forward problem and it can be well conditioned if the following conditions are satisfied: 
- For any M in the experimental space a solution exists; 
- The solution is unique in the model parameters space; 
- The inverse mapping M → x is continuous. 
Otherwise the existence, unicity and continuity of a solution are not all verified in bad-
conditioned problems. Metal forming problems are generally bad-conditioned considering 
the model complexity and the typical number of variables. 
The parameters identification method is based on the determination of the set of 
parameters P, in order to minimize the difference between calculated values M
C 
of the 
observables and experimental values M
exp
, which are given by the equation (Eq. (13)): 
 
  
      
                                                                                                             
 
where λi represents the gap between correspondent calculation and measurement including 
numerical approximation, measurement uncertainty and errors due to model assumptions 
and simplifications of the real process. The minimization of this difference basically 
consists of minimizing the gap λi by means of the cost function defined by (Eq. (14)): 
 
                 
  
 
   
    
      
   
 
   
                                                                      
 
Eq. (14) is often expressed as the adimensional form (Eq. (15)): 
 
        
      
   
 
   
                                                                                                              
 
DIRECT MODEL INVERSE MODEL 
Input data 
(flow stress, friction) 
Prediction of metal flow,  
forging load and energy 
Identification of flow 
stress and friction 
Experimental data 
(load-stroke curve, geometry change)  
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where βi are called weight coefficients and the following conditions have to be assured: 
- Q must be semipositive defined (supposing βi >0); 
- Q = 0 ↔ MC = Mexp. 
 
When the optimization is based on multiple objectives it is necessary to define a multi-
criteria cost function (Eq. (16)): 
 
         
       
    
 
   
    
   
                                                                                                  
 
where nobs is the number of observable quantities taken into account and   
     refers to 
the i-th experimental values of the k-th observable quantities. Eq. (16) permits to consider, 
during deformation, the influence of different optimizing parameters on different 
experimental values. 
A more general form of the cost function employs a statistical approach, where the 
optimization problem is led to the determination of the parameters which maximize the 
prediction probability of the experimentally evaluated measures. For a Gaussian 
distribution, the cost function depends on the mean values of the experimental measures 
     
       which are supposed to be equal to the calculated ones   
   and the quadratic 
deviation of measurement errors   
  . 
The cost function can be expressed as (Eq. (17)): 
 
      
          
    
 
   
    
   
            
 
 
   
                                                                       
 
where   
     
    with k=1, 2, ..., nobs and         
  . 
 
Several methods can be used for the minimization problem [182] and the Gauss-Newton 
method, used in this investigation, will be described more in detail. The Gauss-Newton 
method introduces a linearization of the non-linear expression in terms of representing the 
computed   
  neglecting the second-order derivative. This method is based on the first-
order Taylor series expansion of Q in the quadratic form (Eq. (18)): 
 
  
  
       
  
  
    
   
   
                                                                             
 
An extreme of the Q function is obtained imposing (Eq. (19)): 
 
  
  
                                                                                                                                     
 
and neglecting terms greater than first-order, Eq. (19) can be expressed as a linear system 
(Eq. (20)): 
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where (Eq. (21), (22), (23)): 
 
   
     
   
        
    
   
 
   
                                                                                        
 
    
      
      
        
    
   
 
   
 
    
 
      
     
   
 
   
 
   
                                       
 
    
   
 
   
                                                                                                                                         
 
and S is called sensibility matrix. 
The peculiarity of this method consists in neglecting the second-order derivatives of the 
calculated variables of the direct model in Eq. (22), which becomes (Eq. (24)): 
 
    
      
      
     
   
 
   
 
   
                                                                                                  
 
Thus, the solution of the linear system (Eq. (20)) leads to the determination of the 
components of the S matrix. 
The sensitivity matrix allows to determine the A matrix and the B gradient of the linear 
system (Eq. (20)). It is therefore necessary to calculate the derivatives of M
C
 respect to 
each parameter to be determined and the sensitivity analysis may be performed [183]: 
- by finite differences; 
- by means of analytic direct calculation; 
- with the formulation of a conjugate problem; 
- with a semi-analytical evaluation. 
 
4.1. Procedure for parameters identification 
 
The basic concept of an inverse analysis consists of a set of unknown parameters defined 
in flow stress equation and friction conditions. First, a FE simulation of the selected 
material test with the assumed parameters of the flow stress equation and friction 
conditions are conducted and the computed load-stroke curve is compared with the 
experimentally measured curve. Then, the assumed parameters of the flow stress equation 
are adjusted in such a way that the difference in the calculated and measured load-stroke 
curves is reduced in the next comparison. This procedure is repeated until the difference 
between experimental measurements and computed data disappear. The result of inverse 
analysis is a set of the identified material parameters, which represents material properties 
and the real conditions of the forging process. 
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The procedure used to identify the material parameters includes: 
1) Guess the material parameters in experimentally measured curves;  
2) Start FEM simulation of the selected material test with given experimental data; 
3) Compare the computed forming load with experimentally measured one; 
4) Obtain the amount of adjustments in material parameters by minimizing the 
difference between the computed and measured loads; 
5) Improve the material parameters until the difference becomes within a desired 
tolerance. 
 
Generally, the unknown parameters are determined by minimizing a least-square function 
consisting of experimental and FEM simulated data. The FEM is used to analyze the 
material flow behaviour during the test, whereas the optimization technique allows for 
automatic adjustment of parameters until the calculated response matches the measured 
one within a specified tolerance. 
 
5. Experimental procedures 
 
FE simulations are even more important in the optimization of the cold and warm forging 
processes analyzed and the precise calibration of the numerical models is a strong 
requirement to obtain reliable results. Nevertheless, accurate data about the material flow 
behaviour and friction conditions at the tool-workpiece interface can be hardly found in the 
literature. 
Therefore, some investigations have been carried out to overcome this lack and the inverse 
analysis theoretical bases for determination of flow stress and friction conditions are 
previously described. 
In this thesis, two experimental apparata, developed to study the rheological and friction 
properties in the same thermo-mechanical conditions of the industrial processes tested, and 
the experimental results regarding the flow curves at different forging temperatures and the 
evaluation of friction conditions are presented in §5.1 and §5.2 of "Part 2" respectively.  
 
5.1. Material rheology characterization 
 
Data about the elasto-plastic properties of the bulk metal as function of strain rate and 
temperature can be hardly found in the literature, as well as the influence of applied stress 
and strain on the materials flow behaviour. To overcome this lack, an experimental 
apparatus was developed at the Department of Management and Engineering (DTG) at the 
University of Padua, in order to evaluate the mechanical properties of the materials at 
different strain rates and temperatures. 
 
5.1.1. Experimental apparatus 
 
A series of tensile tests were performed to study the rheological behaviour of bulk steels at 
different strain rates and temperatures, in a controlled experimental environment. This was 
made in order to reproduce the limits of the thermo-mechanical working conditions of the 
cold and warm forging processes analyzed. The apparatus consisted of a 250 kN MTS 810 
hydraulic tensile testing machine, equipped with an inductive heating system used for 
warm tensile tests (Fig. 27). 
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a) b) 
 
Fig. 27. The experimental apparatus developed at the Department of Management and 
Engineering (DTG) for a) cold and b) warm tensile tests. 
 
The frontal inductor, which shape was previously optimized through an infrared analysis in 
order to obtain a uniform thermal distribution in the gauge length, could heat the round 
tensile specimen up to 1000 °C. The temperature evolution was measured by means of a 
K-type thermocouple spot-welded in the centre of the specimen.  
This equipment also adjusted the vertical position of the inductor during the deformation 
phase, to maintain the heated zone of the tensile specimen centered with respect to the 
thermocouple position and to guarantee a constant and uniform thermal profile in the area 
of interest.  
Fig. 28 illustrates the tensile test specimen dimensions in according with ASTM E8M-04 
standard. 
At least three specimens were tested for each steel and test condition (i.e. strain rate and 
temperature), in an attempt to assure the repeatability of the results. The specimens were 
directly machined from the same hot rolled bars used for cold and warm forging tests. 
 
 
 
Fig. 28. Tensile test specimen geometry. All dimensions are in mm. 
 
Samples were loaded at two different constant strain rate   of 2 min-1 (0.03 s-1) and 3000 
min
-1
 (50 s
-1
) and at three different temperature T (i.e. 20, 400 and 700 °C). The stroke 
speed of the testing machine was set in order to obtain the desired average strain rate in 
tensile tests and it was kept as a constant value during all the deformation phase. 
During the tests a PC-based data acquisition system, TestWare-SX, was used to record and 
store loads and displacements. Meanwhile, to measure accurately Young's modulus E and 
Yield strength YS, a raster extensometer was adopted during the elastic period in all tests. 
The same thermal cycles that stainless steels (i.e. AISI 304L and Duplex 2205) underwent 
before forging operations, were reproduced for tensile tests at elevated temperatures (i.e. 
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400 and 700 °C). In this case, the gauge lengths of the specimens were heated at 400 and 
700 °C for 10 min respectively and when the desired temperature was reached, isothermal 
tensile tests were performed at different strain rates. 
 
5.1.2. Results and discussion 
 
Fig. 29 plots the average experimental engineering stress-strain curves of the three steels at 
each strain rate and temperature analyzed. 
As usual, the engineering stress σnom is defined as     , where F is the axial load and A0 is 
the initial transversal area, while the engineering strain or elongation l is computed as 
         , with L and L0 being the current and initial gauge lengths, respectively.  
 
  
a) b) 
 
c) 
 
Fig. 29. Average experimental engineering stress-engineering strain curves with respect to 
strain rate and temperature obtained by the tensile tests: a) AISI 1005, b) AISI 304L and 
Duplex 2205. 
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The average true stress and strain curves can be derived from the engineering stress and 
engineering strain measurements and were calculated using the following formulas (Eq. 
(24), (25)): 
 
                                                                                                                                          
 
                                                                                                                                     
 
Tables 10, 11 and 12 report the mean values of typical mechanical properties of AISI 1005, 
AISI 304L and Duplex 2205, take at different strain rates and temperatures for the 
investigation. The testing temperature has a strong influence on the elastic properties of the 
materials, which drastically decrease with enhancing forging temperature. 
 
Temperature, T [°C] 20 
Strain rate, s
-1
 0.03 50 
Yield strength, YS0,2% [MPa] 256 (5) 322 (4) 
Ultimate strength, UTS [MPa] 361 (3) 490 (5) 
 
Tab. 10. Average mechanical properties of AISI 1005 (standard deviation in parenthesis).  
 
Temperature, T [°C] 20 400 700 
Strain rate, s
-1
 0.03 50 0.03 50 0.03 50 
Yield strength, YS0,2% [MPa] 439 (1) 501 (1) 199 (2) 203 (4) 141 (3) 120 (3) 
Ultimate strength, UTS [MPa] 643 (1) 661 (2) 431 (2) 445 (2) 230 (2) 322 (5) 
 
Tab. 11. Average mechanical properties of AISI 304L (standard deviation in parenthesis). 
 
Temperature, T [°C] 20 400 700 
Strain rate, s
-1
 0.03 50 0.03 50 0.03 50 
Yield strength, YS0,2% [MPa] 775 (3) 830 (1) 376 (2) 321 (3) 210 (2) 235 (4) 
Ultimate strength, UTS [MPa] 835 (4) 882 (2) 660 (3) 597 (2) 279 (2) 483 (2) 
 
Tab. 12. Average mechanical properties of Duplex 2205 (standard deviation in 
parenthesis). 
 
5.2. Evaluation of friction conditions 
 
Similarly to material rheology characterization, data about the friction properties for the 
industrial processes considered are hardly found in the literature. To overcome this lack, an 
new experimental apparatus was developed to evaluate friction conditions in different 
metal forming processes.  
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5.2.1. Experimental apparatus 
 
An experimental setup was designed with the aim to reproduce the thermo-mechanical 
friction conditions established at the tool-workpiece interface on the industrial forging 
processes analyzed, in order to study the friction behaviour of bulk steels. The 
experimental procedure to identify the friction factor m and coefficient µ, depending on the 
local contact parameters. As shown in Fig. 30, the new method to determine friction based 
on the T-shape compression (cf. §2.4.1 of "Part 2") includes three parts: punch, cylindrical 
specimens and die with a V-groove. The sectional shape of a formed part is "T-shaped", 
hence the test is named T-shape compression. 
 
 
 
a) b) 
 
Fig. 30. The principle of T-shape compression test. 
 
In this test, the specimen is first located in the V-groove as shown in Fig. 30a. During 
deformation by the top punch, some metal is extruded into the groove and some is upset 
and moved sideways between the flat surfaces (Fig. 30b). The friction force, generated 
along the wall of groove, restricted metal flow into it, so the height of extruded part 
changes with different friction conditions and materials. Futhermore, the forming load is 
influenced by the friction along the dies surface, especially the groove wall friction, as the 
direction of a large component of its force is opposite to that of forming load. In addition, 
this test is well to evaluate the ability of the lubricant and the material flow behaviour by 
combined a compression and an extrusion operation, which is widely used in cold and 
warm forging processes considered. One essential point is that the contact conditions of the 
workpiece and the tools used in the test must be identical to the tool, with which the 
simulated process will be performed later on in practice. For this reason the tool material 
was an high-speed steel, commercially named HPS, coated by a multilayer coating 
composed of a first TiN layer and a second AlCrN thin film. The total thickness of the 
multilayer was 7-9 μm thick, which was deposited on steel substrate by a PVD technique 
and chosen for its high strength and hardness. The experimental die reported in Fig. 34 was 
then inserted in a steel shrink ring. The corner radius R was 1 mm and V-groove angle β 
was 20°. The total depth of groove, neglecting the final radius, was 10 mm. Then, a series 
of three tests were performed on the steels considered for each lubrication condition and a 
MTS 810 hydraulic compression testing machine, 250 kN in capacity, was used. The 
loading speed of testing was 2 min
-1
 (0,03 min
-1
) and the maximum stroke was 4,5 mm. 
Experimental T-shape apparatus and a formed specimen obtain are shown in Fig. 31. 
Cylindrical specimens (i.e. 6.85 mm diameter and 7 mm long) were used performing the T-
shape compression tests. As for tensile specimens, they were directly machined from the 
same hot rolled bars used for the cold and warm forging tests. 
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a) b) 
 
Fig. 31. a) The experimental apparatus and b) an example of formed specimen. 
 
Then steel specimens were coated by a single-layer-type solid lubricant film, subsequently 
applied on a series of cylindrical billet used to perform the industrial forging process tests 
on the three steels considered (§2.3.4 of "Part 1"). For all these steps, similar process 
conditions were used, mainly the ageing of lubricant baths and the lubricating time. For 
solid lubrication condition, the cylindrical surface of the specimen was coated, contacted 
with die and punch directly. For the oil lubrication condition test, the V-groove was filled 
with the lubricant, so the billet surface was easily lubricated during the test. The two 
lubrification conditions in tests are shown in Table 13. 
 
Lubrication condition Lubricant 
 
Solid lubrication 
Solid + oil lubrication 
Single-layer Bonderlube FL 744 
Single-layer Bonderlube FL 744 + Mobilgear 600 XP 220 
(viscosity η = 220 mm2/s, at 40°C) 
 
Tab. 13. Lubrication conditions. 
 
5.2.2. Results and discussion 
 
Fig. 32 shows the typical process-sequence of specimen deformation. 
 
   
a) b) c) 
 
Fig. 32. Specimen deformation process for AISI 1005 steel. 
 
The whole T-shape compression test includes two stages. In the first stage, the metal is 
pushed into the die groove and no lateral expansion appears between the punch and flat-top 
surface of die, due to small contact area between specimen and punch. Also it can be 
observed that the load changes almost linearly with punch stroke when the ratio of punch 
stroke to billet diameter increases from 0.1 to 0.35 (Fig. 33). In the second stage, the 
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contact region of specimen/punch becomes larger, then the compression of metal occurs 
between the flat surfaces of the tools, so load will increase shapely. 
 
   
a) b) c) 
 
Fig. 33. Average experimental load curves under different lubrication conditions: a) AISI 
1005 steel, b) AISI 304L and c) Duplex 2205 stainless steel.  
 
6. Numerical models calibration 
 
The accurate calibration of the numerical models previously described is a strong 
requirement to improve the quality and reliability of numerical simulations of the cold and 
warm forging processes analyzed. Such models were therefore calibrated through both 
material testing experiments, to determine the rheological and friction parameters, and 
inverse analysis method to get a feasible description of the real processes considered.  
 
6.1. Material constitutive equation 
 
The material rheological characterization is essential for a proper FE model calibration. 
Therefore the experimental device described in §5.1.1 of "Part 2" was used to carry out 
tensile tests at room and elevated temperature and thus generate reliable data as function of 
strain rate and temperature. The rheological behaviour of the material was described on 
FEM code FORGE2011
®
-3D by means of the Hansell-Spittel's law given in Eq. (6). This 
constitutive equation of AISI 1005, AISI 304L and Duplex 2205 was obtained by fitting 
experimental data into Eq. (6). It is clear that for only room temperature testings 
performed, the temperature related terms of Eq. (6) were ignored. 
The Hansell-Spittel coefficients for the steels analyzed were obtained by fitting average 
 true- true experimental curves by means of the inverse FE analysis approach introduce in 
§4.1 of "Part 2". As direct model of simulation, a FE model of experimental tensile test 
was used. The least square function was chosen as cost function. The minimization 
algorithm was a Gauss-Newton method with sensitivity matrix evaluated through finite 
differences, jointed to a linear search algorithm inspired to the golden section linear search 
method. 
 
6.1.1. Numerical simulation of tensile test 
 
The commercial implicit FE software FORGE2011
®
-3D was used to simulate the 
experimental tensile tests. Because the operation has two planes of symmetry, only one 
quarter of tensile specimen was modelled by 5976 four node tetrahedron elements and an 
elastic-plastic material model was assigned to specimen (Fig. 34), in order to significantly 
reduce the computation time. 
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Fig. 34. 2D FE model of the tensile specimen. 
 
These material models (i.e. the average engineering stress - engineering strain curves 
reported in a matrix form as function of strain rates and temperatures) and the average 
mechanical properties of each steel reported in Tables 10, 11 and 12 were used as the 
material input data of the FE models presented in this thesis. 
 
6.2 FE model of T-shape compression 
 
It is well known that, as an essential input parameter for the FE simulation, a realistic 
friction condition must be specified at the die-workpiece interface in order to accurately 
predict metal flow in the industrial forging processes analyzed. In order to estimated the 
real values of the friction factor m and coefficient μ, the average of experimental load 
curves obtained for the two different lubricant conditions on each steel considered (cf. Fig. 
37) were coupled with FE simulation. The analytical procedure to identify the friction 
factor m and coefficient µ for each steel analyzed were obtained by fitting average 
experimental load curves by means of the inverse analysis approach introduce in §4.1 of 
"Part 2". 
 
6.2.1. Numerical simulation of T-shape test 
 
The commercial implicit FE software FORGE2011
®
-3D was used to simulate the 
experimental T-shape compression tests. The 3D specimen geometry was modelled by 
8910 four node tetrahedron elements and an elastic-plastic material model was assigned to 
specimen. In order to assure the reliability of the results, the simulated flow stress-strain 
data carried out from the average experimental σ-ε curves were used as the material input 
data of the FE models and several points on the average load-punch stroke/billet diameter 
curves were chosen to put into the FE code. 
In order to calculate the values of the friction factor m and coefficient μ, the average 
experimental and simulated load curves are plotted in Fig. 35. The difference between the 
curves is less than ±2% on each steel considered. This suggest that simulated and 
experimental results are in good agreement. 
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a) b) c) 
 
Fig. 35. Comparison between the average experimental and simulated load curves at 
different lubrication conditions: a) AISI 1005, b) AISI 304L and c) Duplex 2205. 
 
The estimated values of the friction factor m and coefficient μ for the two different 
lubrication conditions on each steel analyzed are given in Table 14.  
 
 
Steels 
Solid lubrication Solid + oil lubrication 
µ m µ m 
AISI 1005 0.11  0.83  0.14 0.79 
AISI 304L 0.03  0.86  0.07 0.80 
Duplex 2205 0.05  0.91  0.09 0.86 
 
Tab. 14. Friction factors m and Amontons-Coulomb coefficients μ values under different 
lubrication conditions estimated by using FE simulations.  
 
7. Industrial case studies 
 
In this PhD thesis, thermo-mechanical coupled 3D FE simulations modelling deformation 
and friction conditions on a series of industrial forging processes were performed by using 
the commercial FE code FORGE2011
®
-3D. As industrial case studies, savings on process 
design costs and the prediction of surface defects in a multi-stage cold forging process of 
an heat pipe fitting were analyzed. Moreover the design of integrated experimental 
procedures and modelling tools to re-design a single-stage cold forming cycle of an AISI 
1005 plug fitting in the attempt to form stainless steel components was developed by using 
FE methods. 
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7.1. The multi-stage cold forging process of an heat pipe fitting 
 
In this industrial case study, a re-design of the deformation process-sequence and a 
systematic approach to predict surface defects, based on numerical simulation, has been 
proposed (cf. Article II and III). The results found could be summarized as: 
- Using FE methods as tools result in reducing time-to-market, reducing tool 
development costs, predicting the influence of process parameters, reducing 
production costs, increasing product quality, improving the understanding of 
material behaviour and reducing material waste. 
- Such modelling efforts can be very valuable in identifying inhomogeneous 
deformations that could not easily be detected through regular visual inspection; 
- The simulation-enabled approach shifts the design paradigm from experience-based 
trial-and-error to scientific-based calculation and analysis, reducing the time 
required to set up new forging cycles at about 40%. 
 
Process description and modelling  
 
The material used for the workpiece was a low-carbon AISI 1005 steel. The initial 
cylindrical billet (24 mm diameter, 91.4 mm height and 324 g weight) was modelled by 
25,958 four node tetrahedron elements. The rheological parameters reported in §6.1.1 of 
"Part 2" at different strain rates and room temperature were implemented in the FE model. 
Forging tools were assumed to be rigid with an infinite elasticity modulus and a constant 
temperature of 20 °C. In addition, the tool-workpiece interface was characterized by 
friction parameters (i.e. m and μ) presented in Table 17 for solid lubrication condition. 
Finally, the physical constants and properties of the AISI 1005 steel were choosen among 
those present in the software database, as well as the heat-transfer coefficients (HTC) 
between the workpiece and the tool. 
For major details on process-sequence description and modelling see Article II and Article 
III. 
 
Process sequence optimization 
 
As shown in the load-forming time relationships reported in Article II the elimination of 
the third operation is suggested. This process-sequence optimization gives a shorter 
process development lead-time, lower production costs, savings in tool material costs and 
the development of higher precision parts. 
 
Underfilling and surface defects prediction 
 
Underfilling problems are limited by the use of multiple forming stages. The reduction of 
underfilling areas at the die corners obtained by FE analysis is consistent with the 
experimental observation (cf. Article II and III).  
Defects occur in each stage of the optimized forming sequence (cf. Article III). Based on 
simulated flow behaviour of material, several types of surface defects are identified and 
attributed to plastic instability of the work-material, inappropriate axial/radial flow ratio, 
excessive forming-pressure and uncorrect tooling design (cf. Article III). For major details 
on the formation mechanisms of surface defects studied through FE models see Article III. 
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Benefits of FE method 
 
FEM simulation provides also deeper insights into the forging processes. Focusing on a 
generic new product development chain of a company's multi-stage cold forged 
component, Zoppelletto S.p.A. estimates to reduce time-to-market expected (cf. Article II). 
Completely removing the trail-and-error iterations of it saves the costs of trail tool 
production, so the time to recover the entire software and training investment decrease 
dramatically to some months, depending on how widely the approach is adopted (cf. 
Article II). 
 
7.2. The single-stage forging process of an hex-head plug fitting  
 
Traditional cold forging set-up 
 
In another case study, a 3D FE model of a cold forging operation of an hex-head plug 
fitting was developed. The initial cylindrical billet (22 mm diameter, 18 mm height and 51 
g weight) was discretised with 167,235 four node tetrahedron elements to ensure sufficient 
accuracy and convergences. Then, the rheological parameters calculated at different strain 
rates and room temperature (cf. §6.1.1 of "Part 2") and the friction parameters m and μ 
established in solid lubrication condition (cf. Table 14) were implemented in the FE 
models of each steel considered. Moreover forging tools were considered to be rigid bodies 
at a constant temperature of 20 °C. Furthermore, the physical constants and properties of 
each steel were choosen among those present in the software database, as well as the heat-
transfer coefficients (HTC) between the workpiece and the tool. 
For major details on process description and modelling see Article IV. 
 
FE analysis provides detailed information on the forming panorama, forming load and 
metal flow, which can be incorporated into the traditional process extended to cold forging 
of stainless steels. These informations have been reported in this work (Article IV) and the 
results found could be summarized as: 
- The traditional cold forging cycle of AISI 1005 hex-head plug fitting seems to be 
non-adaptable to different material categories, such as stainless steels. This can be 
highlighted by some underfilling areas that occur at the die corners in AISI 304L 
and Duplex 2205 components. Moreover, due to the higher forging loads reached 
by the punches during the whole forging operation, the re-design and calibration of 
the process is suggested. 
 
Optimized cold forging set-up 
 
The re-design of the traditional single-stage operation for cold forging of stainless steels 
has been performed by using FE methods (cf. Article IV).  
Starting from the FE model of the above conventional process, the workpiece was 
optimized through many trial-and-error simulations in terms of the die filling and the 
forming load requirements and reductions. Subsequently, the deformation mechanism of 
the optimized cold forging operation was thoroughly revealed by analyzing the forming 
panorama and effective strains in detail. 
In Table 15 the optimization of the initial billet and process parameters were obtain by 
means of the inverse FE analysis approach introduce in §4.1 of "Part 2". 
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Billet dimensions  Tools set-up 
Traditional process Optimized process Optimized process 
Diameter: 22 mm 
Height: 18 mm 
Weight: 51 g 
Diameter: 22 mm 
Height: 18.3 mm 
Weight: 55 g 
 
Bottom die 1 mm-
displacement along 
negative z axis 
 
Tab. 15. Variation of traditional billet geometry and process parameters. 
 
The optimized billet geometry has a significant influence on the die filling. Moreover 
forming load requirements are important for accurate tools design and proper 
determination of process specification. 
Major informations about the optimized cold forging set-up have been reported in Article 
IV and the results found through numerical simulations could be summarized as: 
- The optimized single-stage forging processes to form the stainless steel hex-head 
plug fittings (i.e. AISI 304L and Duplex 2205) assure a better filling of the die-
cavities and a lower forming load requirements as compared to the traditional ones 
(cf. Article IV). 
- The lowest forging loads reached by the punches during the optimized forging 
cycle are mainly associated to the new dimensions of the billet geometry and the re-
design bottom die displacement. On the other hand a non-perfect filling of die-
cavity could easily be detected through virtual inspection of the optimized cold 
forged stainless steel components (cf. Article IV). 
 
Optimized warm forging set-up 
 
The optimized single-stage forging process was subsequently adapted to warm forge 
stainless steel hex-head plug fittings to ensure a better die filling and the respect of forging 
drawing tolerances established by Zoppelletto S.p.A. for the traditional AISI 1005 cold 
forged parts. Based on the above optimized FE models, the AISI 304L and Duplex 2205 
virtual billets were set at 700 °C for the first simulations cycle. This temperature was 
below the recrystallization temperatures of the workpiece materials, i.e. 0.25-0.65Tm (cf. 1 
of "Part 1"). In the subsequent numerical models, temperature was set at 600, 500 and 400 
°C respectively, in the attempt to establish the lowest forging temperature to form near-net-
shape and tolerances-respected forged components made of stainless steel. Thus, in order 
to guarantee energetical and economical benefits to the company. 
 
Starting from the optimized billet geometry (cf. 7.2 of "Part 2"), the rheological parameters 
estimated at different strain rates and temperatures (cf. §6.1.1 of "Part 2") and the friction 
parameters stated for solid lubrication condition were the key materials input data of the 
FE models for both stainless steels considered. 
As on previous numerical models, the physical constants and properties of each material 
were choosen among those present in the software database, as well as the heat-transfer 
coefficients (HTC) between the workpiece and the tool. 
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Analyzing the FE results for both stainless steels, it is clearly highlighted the total absence 
of underfilling red areas already at the mimimum forging temperature of 400 °C, as shown 
in Fig. 36. This temperature was selected after several trial tests by using the 
FORGE2011
®
-3D code. 
 
 
 
Fig. 36. Underfilling red areas on virtual optimized warm forged parts at 400 °C. 
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PART 3 
 
MICROSTRUCTURAL CHARACTERIZATION 
OF FORGED PARTS  
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1. Defects in cold and warm forging 
 
1.1. State of the art 
 
The competitiveness of cold and warm forging processes in relation to other manufacturing 
processes is good. To remain competitive, cold forging processes have to produce defect 
free products. Therefore, it is essential to detect and prevent defects during the production 
process. 
As mentioned before, cold and warm forging are governed by many factors such as 
friction, part geometry, die shape, and temperature setting of the die and workpieces. 
Hence, they have an high tendency to form defects.  
In the past, few researches were focused on defect issue in forming process. Kimura et al. 
[182] evaluated component assembly based on shape error. In addition, metal flow 
imperfection related defects have attracted the attention of many researchers. Chan et al. 
[183] proposed a dynamic change of tooling geometry to control the most common flow-
induced defect such as folding. Other defects such as die filling and barrel formation 
during the lateral extrusion process have been discussed by Tahir [184]. Similarly, Liu et 
al. [185] studied the under-filling problem in the rotary rolling of a flange. On the other 
hand, Narayanasamy et al. [186] studied the reaction of various metals to barreling during 
the cold upsetting process. In his study, un-lubricated truncated cone billets were used as a 
case study, and the relationship between the measured radius of curvature of the barrels 
and the stress ratio parameter was established. In addition, Baskaran and Narayanasamy 
[187] applied white grease as a lubricant to determine the dimensions such as height, 
contact, and bulge diameter at different stress-ratio parameters. Yilmaz et al. [188] 
conducted an experimental investigation of conventional closed-die forging to study the 
effect of aspect ratios and indentation to the forging load and die filling. In another work, 
Lu and Zhang [189] found that forging defects are caused by improper die dimension and 
an optimized die dimension was proposed. The study was carried out, taking into 
consideration the temperature dependency of the thermal and mechanical properties of 
materials. Song and Im [190] studied the effect of process design parameters to the 
formation of under-filling and folding defect during closed-die forging of bevel gears. In 
another study, Qamar investigated the effect of shape complexity and dead metal zone to 
the quality of cold extruded part [191]. In addition, Sheu and Yu introduced a new type of 
die design to solve the folding defect during the orbital forging process [192]. The new 
design influenced the flow of the preform, resulting in lower tool stresses and preventing 
the folding problem.  
 
1.2. Forging defects 
 
There is some confusion in the use of various terms associated with ductility. The 
following definitions will be used in this PhD thesis [193]. 
 
Ductility: the ability to deform plastically without fracture in a standard test, usually 
expressed by some measure of limiting strain. 
Formability: the ability of a material to deform plastically without fracture in a forming 
process. 
Workability: the ability of a material to deform without occurrence of any defect in a 
forming process. 
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Defect: the properties of a product that do not conform to the design specifications, which 
make the product less suitable or unsuitable for the purpose for which it has been designed 
[193]. 
 
Alternatively to the Devedzić classification, Arentoft and Wanheim [194] summarized the 
different defects observed in forging processes. They classified forging part defects into six 
groups: folds, shear defects, cracks, surface defects, form defects and structural defects. 
Each group can be divided into several sub-groups. A defect-matrix was then proposed to 
provide design reference for engineers. The matrix contained six defect groups, 
horizontally, and six groups, with possible causes for the defects, vertically. The possible 
causes for the defects were divided into six main groups (i.e. tribology, preform, tools, 
press, process and workpiece material), with several sub-groups. 
 
A brief description of defects and their remedial methods is given below. 
 
Surface and internal cracking 
 
Cracking is also the defect that has been researched most extensively. 
Surface cracking occurs when the surface of an extrusion splits, which is often 
caused by extrusion temperature, friction, or speed being too high. It can also 
happen at lower temperatures if the extruded product temporarily sticks to the die. 
Internal cracking occurs when the centre of the extrusion develops cracks or voids. 
These cracks are attributed to a state of hydrostatic tensile stress at the center line in 
the deformation zone in the die. 
The Okamoto et al. classification will be used as a guideline although it will be 
slightly modified sometimes [195]. 
 
Surface imperfections 
 
Not much interest is being displayed in literature about surface imperfections. 
These defects are most times fairly easy to overcome by improving the lubrication. 
Friction and wear (defects) may be explained through several related mechanisms: 
tearing of weldments, plowing, a thin surface layer of severe plastic deformations 
and galling.  
 
Plowing 
The localized high pressures cause the asperities of the hard tool to penetrate into 
the deforming workpiece. With the relative motion of each asperity over the 
workpiece, a deeply plowed groove is created. These grooves expose fresh, 
uncontaminated surfaces, which produce a shiny appearance of the workpiece 
surface. 
 
Tearing of weldments 
The high pressures over the relatively small areas of actual contact may cause 
localized welding. The metals at the weld interface may form hard intermetallic 
compounds. As the weldments break loose, they cause damage to both tool and 
workpiece. Intermetallic fragmented particles may now move between the two 
mating surfaces and cause further damage. The particles may be pressed into the 
workpiece, become imbedded, and present hard cutting edges plowing into the hard 
die.  
72 
Galling 
When there is a strong chemical affinity between the tool material and the 
workpiece, layers of the workpiece material adhere to the tool surface and may 
become immobilized. The difference between tearing of weldments and galling is 
that the galling material contains only workpiece material, whereas the torn of 
weldments contain tool material as well. 
 
Surface layer of severe plastic flow 
The description of plowing and tearing of weldments demonstrates that a thin layer 
in the surface of the workpiece is severely affected by friction between tool and 
workpiece. The amount of deformation is highest at the interface and diminishes 
further from the surface.  
 
Surface roughening due to coarse grain size 
The grain size is, as Dautzenberg and Kals state, one of the main causes for surface 
roughening. In agreement with the plasticity theory it can be assumed that the 
deformation takes place by shear in the planes of maximum shear stress. From a 
metallurgical point of view, this means that the nearest closed packed planes 
provide for shear by means of dislocation glide. Kudo [196] illustrates the effect of 
the grain size of the workpiece material on the rate of roughening of the free 
surface of a workpiece due to deformation.  
Excessive lubrication of the tool-workpiece interface is another reason for surface 
roughening of the product [196].  
Extreme roughening can be overcome by choosing a workpiece material with a 
small grain size or a careful heat treatment of the billet, preform or interstage in 
order to refine the structure. 
 
Surface lines 
These are the lines visible on the surface of the extruded profile. This depends 
heavily on the quality of the die production and how well the die is mantained, as 
some residues of the material extruded can stick to the die surface and produce the 
embossed lines. 
 
Scale pits (Pits marks) 
Scale pits are seen as irregular deputations on the surface of the forging that is 
caused primarily due to improper cleaning of the stock used for forging. The oxide 
and scale gets embedded into finish forging surface. When forging is cleaned by 
pickling, these are seen as deputations on the forging surface.  
 
Flow imperfections 
 
The flow imperfections represent a wide range of defects, including such defects as 
buckling, non-concentricity, folding and the occurrence of fins and flashes. Flow 
imperfections will be one of the most important defects in near-net-shape forging 
processes since in these processes as accurate as possible products and no material 
waste, subsequent machining or trimming are wanted. 
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Three kinds of flow imperfections can be distinguished: 
- Dimensional inaccuracies: the inability to achieve the designed dimensions; 
- Shape inaccuracies: the inability to meet the designed product shape; 
- Positional error: the inability to align the several design features. 
 
The factors and sources that result in these three kinds of flow imprecisions were 
listed by Kudo [196]. 
 
Cracking at the flash 
This crack penetrates into the interior after flash is trimmed off. 
Increasing flash thickness, relocating the flash to a less critical region of the 
forging, hot trimming and stress relieving are the ways to prevent flashes. 
 
Cold shut (Fold) 
Cold shut appears as small cracks at the die corners of the forged part. Two surface 
of metal fold against each other without welding completely. That is caused 
primarily due to very tight fillet radii that inhibit smooth material flow towards the 
corner of the die (i.e. sharp corner, excessive chilling, high friction). An increase 
fillet radius on the die can prevent that type of defect. 
 
Unfilled section (Underfilling)  
This defect refers to localized unfilled portion within the die cavity due to improper 
design of the forging die or inappropriate selection of the forging technique, less 
raw material and poor heating. Some section of die cavity is not completely filled 
by the flowing metal. 
Proper die design, raw material and heating are the ways to prevent underfillings. 
 
Flakes 
These are basically internal ruptures caused by the improper cooling of the large 
forging. Rapid cooling causes the exterior to cool quickly causing internal fractures. 
This can be avoided by following proper cooling practices. 
 
Die shift (Mismatch) 
Die shift is caused by the misalignment of the top and the bottom dies making the 
two halves of the forging to be improper shape. The possible remedy of this dies 
mismatch is a proper alignment of die halves.  
 
2. Plastic deformation structures 
 
Advances in understanding deformation microstructures have been closely related to the 
development of automatic and semiautomatic techniques in the transmission electron 
microscopy (TEM), scanning electron microscopy (SEM) and x-ray diffraction. 
Microstructure and crystallographic texture represent the key material features used in the 
continuous endeavor to relate the processing of a metal with its final properties. Optical 
microscopy and macroetching are used to view the macroscale grain flow, size and pattern 
in a steel forging. Traditional grain and flow patterns remain in use today to assess die and 
forge process design, as well as for quality control of the homogeneity of the forging 
deformation. In addition, the trapped dislocations induce significant changes in mechanical 
properties that depend on their number and arrangement.  
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2.1. Recrystallization and grain-growth structures 
 
Although there is a great deal of empirical knowledge of the microstructures that can be 
produced during current industrial processing, the ability to produce more nearly ideal 
microstructures for different applications is very limited. It is in order to gain improved 
control of recrystallization processing that increased scientific understanding is needed. 
As steel is deformed, the internal energy increases through the storage of dislocations. This 
energy is released in three main processes, those of recovery, recrystallization, and grain 
coarsening. The usual definition of recrystallization [197] is the formation and migration of 
a new grain structure in a deformed material by the formation and migration of high angle 
grain boundaries (HABs) driven by the stored energy of dislocations. High angle grain 
boundaries are those with greater than a 10-15° misorientation. On this definition, recovery 
includes all processes releasing stored energy that do not require the movement of a high 
angle grain boundary. Typically, recovery processes involve the rearrangement of 
dislocations to lower their energy, for example by the formation of low-angle subgrain 
boundaries. Grain coarsening is the growth of the mean grain size driven by the reduction 
in grain boundary area. Coarsening can take place by either "normal" grain growth, whose 
main mechanism is the disappearance of the smallest grains in the distribution, or 
"abnormal" grain growth. The latter process involves the growth of a few grains which 
become much larger than the average. 
During warm and hot deformation of steels various softening processes occur to reduce the 
internal energy of the deformed metal. When the internal energy reaches a threshold value, 
the deformed grains may be replaced by new strain-free grains via the recrystallization 
mechanism [198]. When recrystallization occurs concurrently with deformation, the 
process is called dynamic recrystallization (DRX) and when it occurs after deformation, it 
is termed static recrystallization (SRX). In some cases DRX may initiate through 
nucleation, but may not proceed to completion during deformation. In these cases, the 
recrystallization is completed after deformation by the growth of dynamically nucleated 
grains. This is known as metadynamic or post dynamic recrystallization (MDRX). The 
conditions under which SRX, DRX and MDRX occur are determined by the combination 
of processing parameters. In addition to strain hardening, precipitation of microalloying 
elements in steels may harden the austenite during hot deformation [199,200]. 
 
Extensive experimental primary recrystallization studies have been conducted for nearly 
one hundred years. Studies are summarized with eight laws of recrystallization [201]: 
- A certain minimum amount of cold work or deformation and a certain minimum 
temperature are necessary to initiate recrystallization; 
- The smaller the amount of deformation, the higher the temperature required to 
initiate recrystallization; 
- Recrystallization is time-temperature dependent, and increased time decreases the 
temperature required for recrystallization; 
- Final grain size is more dependent on the amount of deformation or cold work than 
either the temperature or the time of anneal; 
- The larger the original grain size of the material, the greater the amount of cold 
work required to achieve an equivalent recrystallization for a given temperature and 
time; 
- For a given amount of work hardening, an higher working temperature is 
accompanied by a coarser grain size and requires an higher temperature to cause 
recrystallization; 
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- New grains first originate at grain-boundary triple points and do not grow into 
deformed grains having identical or slightly deviated crystallographic orientations; 
- Heating after the recrystallization process is complete causes grain growth to occur.  
 
2.2. Conventional dynamic recrystallization (DRX) 
 
Dynamic recrystallization (DRX) enables the desired microstructure to be obtained directly 
during metal working under appropriate conditions in various structural steels [202]. When 
this type of "annealing" process is taking place, both nucleation as well as growth (grain 
boundary migration) take place while the strain is being applied.  
The mechanism for DRX involves a local migration (bulging) of grain boundaries leading 
to the formation of DRX nuclei, which grow out, consuming work-hardened surroundings 
during deformation at elevated temperatures. The process of nucleation and grain growth 
exhibits a cyclic behavior, and therefore this process is referred to as discontinuous DRX 
(dDRX) [203]. In particular, grain boundary bulging occurs repeatedly in previously grown 
and work-hardened grains during deformation. 
Because DRX involves diffusion controlled grain boundary migration, an increase in the 
deformation temperature accelerates the recrystallization kinetics. Structural steels with a 
grain size well below 1 μm possess a beneficial combination of mechanical properties 
including high strength and sufficient ductility [204,205]. The mean grain size evolved by 
DRX can be substantially decreased by decreasing the deformation temperature [203]. 
Therefore, deformation under conditions of warm working is a very effective method for 
processing of ultrafine-grained metals and alloys [203,205-208]. However, in contrast to 
hot working, the mechanisms and regularities of microstructure evolution and DRX during 
warm deformation are still unclear. It is generally accepted that the new ultrafine grains 
result from a type of continuous reaction [203,207,208]. 
In particular, the structural changes are characterized by a gradual transformation of strain-
induced sub-boundaries into grain boundaries when the sub-boundary misorientations 
increase to the values typical of conventional grain boundaries during deformation. This 
process is sometimes referred to as continuous DRX (cDRX) [203,209]. The deformation 
banding that rapidly introduces large misorientations in deformation substructures plays an 
important role in the development of strain-induced high-angle grain boundaries and new 
ultrafine-grained structures at low temperatures [203,210,211]. The density of the 
deformation bands continuously increases with straining, which leads to progress in cDRX. 
The kinetics of cDRX remains unclear and has attracted much interested. Apparent 
retardation of the new grain evolution due to decreasing the deformation temperature may 
be due to stunted dynamic recovery [206]. 
On the other hand, a model of grain fragmentation based on lattice curvature, which has 
been recently proposed by Toth et al. [212], suggests an acceleration of the development of 
high-angle strain-induced grain boundaries as the deformation temperature decreases. This 
ambiguity in the kinetics of cDRX is associated with a lack of experimental data and 
different approaches to their interpretation.  
The following topics will now be considered in turn: selective growth, the role of twinning 
and texture development during DRX. 
 
Selective growth 
 
With regard to DRX, the results obtained to date indicate that selective growth plays a 
significant role in fcc metals, but not bcc metals. Whether or not a particular boundary 
class (or misorientation relationship) is associated with a mobility edge thus also appears to 
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depend on crystal structure, as well as on the dislocation densities and internal stresses 
generated in the grains (high in fcc, low in bcc). 
This is a topic area where orientation imaging microscopy (OIM) can be very useful and 
where there is a need for both data and careful analysis. 
There are two related types of boundaries that can participate in selective growth: PM 
(plane matching) boundaries were first described in detail by Watanabe [213] and are 
illustrated in Fig. 37a and coincident site lattice (CSL) boundaries are much better known 
than PM boundaries and can also participate in selective growth. 
 
  
a) b) 
 
Fig. 37. a) Geometry of "plane matching" as it applies to deformed grain B (lower left) 
being consumed by new grain A (upper right). Note that the highlighted {110} planes in 
grains A and B share a common <110> normal, which lies in the boundary. The angle of 
rotation about this z-axis required to bring the grains into correspondence is the angle of 
misorientation between the two grains [213]. (b) Schematic representation of one of the 
two maximum shear stress poles associated with rolling. Also shown is a <110> or <111> 
misorientation axis that is nearly parallel to the maximum shear stress pole. The former 
can be used to specify the angle of misorientation associated with a particular boundary; 
such boundaries frequently display high mobilities [214]. 
 
There is recent evidence [215] that selective growth, when it occurs, involves "variant 
selection"; that is, that not all geometrically equivalent boundaries participate in the 
recrystallization process. When selective growth by either the PM or the CSL mechanism 
is taking place, the replacement of a deformed grain by a new or recrystallized grain can be 
described in terms of a rotation about a <110> or <111> axis that is common to both 
grains. Although there are six crystallographically equivalent <110> axes (and four 
equivalent <111> axes), it appears that only the axes in the vicinity of the maximum shear 
stress poles are able to participate in the transformation. For the case of plane strain rolling, 
these poles are inclined at 45° to both the ND and RD directions (Fig. 37b). Similar axis 
selection has been reported to occur during torsion testing. 
It has also been proposed that variant selection is essentially due to the internal stresses 
developed during deformation [216]. Although high internal stresses are produced in cold 
worked materials, as indicated above, much lower dislocation densities are generated 
during high temperature deformation, particularly in bcc metals. As a result, the high 
temperature internal stresses may be too low in these materials to produce variant 
selection. This may be why little evidence for selective growth has been observed in bcc 
metals to date; this is clearly a topic that needs to be followed. 
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Role of twinning 
 
Single crystal studies have revealed that twinning plays an important role in DRX in these 
materials. 
Successive generations of twins form (e.g. second, third, fourth, etc.), some of which will 
clearly have more growth potential (in their specific environments) than others. In a similar 
way, some grain orientations may be more susceptible to twinning than others. Thus, the 
process of twinning can contribute to selective growth. The picture is slightly different in 
polycrystalline materials because the presence of grain boundaries makes it somewhat 
easier for heterogeneous nucleation to take place. Nevertheless, even in these materials, 
twinning can play an important role in the propagation of DRX, particularly in low 
stacking fault energy alloys such as the 304 stainless steels. On the deformation of these 
materials to the vicinity of the peak strain, many fine grains form, bounded largely by first 
and second order twins [217]. As the strain is increased into the steady state region, the 
large initial grains are replaced by a fairly homogeneous microstructure (Fig. 38). Most of 
the boundaries displayed here are in motion, and it is of interest that the majority of the 
interfaces can be classified as first and second order twin boundaries. 
 
 
 
Fig. 38. Misorientation map of 304 stainless steel deformed in torsion at   = 1 s-1 at 1050 
°C. A strain of 2.2 was applied, which is within the steady state regime. Most of the 
boundaries can be classified as first order twins, some as second order twins and only a 
minority as random boundaries [217]. 
 
Texture development during DRX 
 
When low stored energy nucleation is the most important DRX mechanism, the resulting 
texture will be dominated by the orientations of the low stored energy grains. Similar 
remarks apply to high stored energy nucleation or to recrystallization via twin formation. 
As indicated above, selective growth appears to be more important during the DRX of fcc 
as opposed to bcc metals. When this mechanism is operating, it leads to quite specific 
changes in texture, especially if variant selection (i.e. the choice of particular rotation axes) 
is involved (Fig. 39) [218]. Here the simulations were based on a low stored energy 
nucleation model together with <111> selective growth. It is, therefore, important to 
continue to search for evidence of selective growth and then to see if this can lead to 
industrial applications. 
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a) b) 
 
Fig. 39. a) Measured (111) pole figure of an OFHC copper sample twisted at 300 °C to 
γ=11. b) Simulated texture starting with the experimental initial texture using 
crystallographic slip and dynamic recrystallization. Isovalues on all diagrams: 0.8, 1.0, 
1.3, 1.6, 2.0, 2.5, 3.2, 4.0, 5.0, 6.4 [218]. 
 
3. Electron backscatter diffraction (EBSD) technique 
 
Electron BackScatter Diffraction (EBSD) is a scanning electron microscope (SEM) based 
electron diffraction technique allowing automated mapping of crystal orientations from 
bulk samples. Centimeter-sized samples with millimeter-sized grains, to metal thin films 
with nanograins may be analyzed. The nominal angular resolution limit is ~0.5° and the 
spatial resolution is related to the resolution of SEM, but for modern field emission gun 
SEMs (FEG-SEMs), 20 nm grains can be measured with reasonable accuracy. The 
macroscopic sample size is dependent on the ability of the SEM's stage and chamber to 
orient a sample at 70° tilt at an appropriate working distance, usually in the range 5 to 30 
mm.  
The technique is now widely used in materials characterization and reveals grain size, 
grain boundary character, grain orientation, texture and phase identity of the sample under 
the beam. Another potential use of EBSD is in quantifying plastic strain. This section 
reviews the current state of technology in terms of plastic strain analysis. 
 
3.1. Plastic strain 
 
It is well known that it is not easy to know the degree of plastic strain for materials in 
forged components. In many cases, hardness measurement and numerical stress analysis 
have been applied to estimate the plastic strain [219]. 
It is well known that the pattern quality of the EBSD deteriorates with increasing defect 
and dislocation density in materials caused by plastic strain. Measuring the deterioration by 
means of image analysis on patterns obtained from samples deformed to known strains, 
allows a calibration curve to be constructed and used to determine the plastic strain in 
samples of interest. With plastic strain, the distortions in the crystal lattice are relieved by 
the formation of dislocations in a material as shown in Fig. 40. 
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Fig. 40. Schematic representation of dislocations and subgrain boundary. 
 
There are regions in the material with significant dislocation density with a net Burgers 
vector of zero. These are sometimes called "statistically stored dislocations" (SSDs). There 
are also areas with net non-zero Burgers vectors across which there is a change in 
crystallographic orientation or lattice curvature. These dislocations are often termed 
"geometrically necessary dislocations" (GNDs). Arrays of GNDs can form subgrain 
boundaries. If the diffraction volume is contained within a region of high dislocation 
density but with a net Burgers vector of zero, then the resulting pattern is degraded due to 
local perturbations of the diffracting lattice planes leading to incoherent scattering. 
If the diffraction volume contains GNDs, then the pattern quality is degraded as the pattern 
is essentially a superposition of the patterns from each individual subgrain within the 
diffraction volume as shown schematically in Fig. 41. As the rotations associated with 
subgrain boundaries are small, the material within the diffraction volume will no longer 
meet a specific Bragg condition but rather a range of near Bragg conditions in three 
dimensions. This results in a diffraction pattern with degraded contrast. The degree of 
degradation is dependent on the amount of deformation within the interaction volume.  
There are essentially two approaches to analyze plastic strain: the first based on the 
degradation of the diffraction patterns quality in deformed materials [220] and the second 
based on changes in local misorientation [221].  
 
 
 
Fig. 41. Schematic showing the effect of a subgrain boundary on the EBSD pattern. 
 
3.1.1. Image quality (IQ) approach 
 
At each measurement point in an OIM scan, a parameter quantifying the quality of the 
corresponding diffraction pattern is recorded. Maps can be generated based on this image 
quality (IQ) parameter. In such maps, deformed areas appear darker than undeformed 
regions of the microstructure. As already expressed, the image quality is affected by 
residual strain in the diffracting volume. Thus, an indication of the distribution of strain in 
the material can be observed in an IQ map [222]. For a very large scan area on a bulk 
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sample, if the average IQ value is assumed to correspond to the overall strain measured 
mechanically, then the strain can be quantified by assuming a linear relationship between 
the IQ value and the local strain. Unfortunately, IQ is not solely dependent on strain; other 
factors affect image quality as well. Such factors include grain boundaries, surface 
topology, second phases, beam conditions, sample preparation and camera settings. some 
of which can be observed in Fig. 42.  
 
 
 
Fig. 42. IQ map showing the many factors influencing the IQ value, in a reaction zone 
between copper and aluminum [222]. 
 
The indexing success rate stated in the caption for an IQ map is defined as the percentage 
of points with confidence index values greater than 0.1 after standardizing the confidence 
index to the point in each grain with the highest confidence index. The percentage of points 
"cleaned up" are those points modified using a grain dilation post-processing routine 
divided by the total number of points in the scan. For the dilation routine, a grain tolerance 
angle of 5° and a minimum grain size of 3 pixels were used. The grain was also required to 
extend across at least two rows in the scan. 
As was mentioned previously, the size of the diffraction volume will affect the results. 
Thus, we would expect the IQ effect to be more marked as the larger diffraction volume 
will be more likely to contain lattice imperfections.  
 
3.1.2. Local misorientation approach 
 
As dislocations form in the material, the residual strain is manifest as local variations in 
lattice orientation. This is evident on grain boundary maps of deformed materials. OIM 
measurements allow a user to define which kind of boundaries should be drawn in maps 
created in OIM data. For example, Fig. 43 shows low angle grain boundaries (2-15°) in red 
and high angle (>15°) boundaries in blue. Regions with high concentrations of low angle 
boundaries are indicative of areas of concentrated GND density.  
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Fig. 43. Grain boundaries in 85% recrystallized low-carbon steel: red 2-15°, blue >15°. 
 
As with the IQ, local misorientations provide an indication of the strain distribution in the 
material. Several useful methods for characterizing local misorientations have been 
proposed. The first two methods are "grain" based. The second three are based on 
individual measurement points. The last one is a hybrid of the two approaches. Most of the 
maps shown in the following figures were obtained from a partially recrystallized steel 
sample at two different magnifications. 
 
1. The grain orientation spread (GOS) is the average deviation in orientation between 
each point in a grain and the average orientation of the grain. This approach leads 
to assigning the same value to every scan point contained within the grain. The 
average orientation of the grain is calculated using the methodology outline by 
Kunze et al. [223]. An example GOS map is shown in Fig. 44. 
2. The grain average misorientation (GAM), which is the average misorientation 
between each neighboring pair of measurement points within the grain. In general, 
as the step size decreases, the misorientation between neighboring points on the 
scan grid will decrease as well. An example GAM map is shown in Fig. 44. 
3. The kernel orientation spread (KOS) is similar to GOS but done within a kernel. A 
kernel is a set of points of prescribed size surrounding the scan point of interest. 
The size of the kernel is generally prescribed to the n
th
 nearest-neighbor (Fig. 45). 
The calculations performed on this kernel are performed with the kernel centered at 
each point in the scan and value obtained by the calculations assigned to the center 
point. If more than one grain is contained within the kernel, then multiple average 
orientations are calculated for the kernel. The value calculated for the kernel is 
assigned to the scan point at the center of the kernel. 
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a) b) c) 
 
Fig. 44. OIM maps from a partially recrystallized steel sample. a) Color code 
orientation map, b) GAM map and c) GOS map. Grains are outlined with black 
boundaries. 
 
 
 
Fig. 45. 3
rd
 nearest-neighbor kernels for a hexagonal and a square grid. 
 
4. The kernel average neighbor misorientation (KANM) is similar to GAM but 
calculated within a kernel instead of a grain. That is, misorientations between all 
neighboring points within the kernel are averaged. Thus, to focus on local small 
rotations, the grain boundary effect is excluded by only including misorientations 
less than a specified tolerance value from the averaging calculation. 
5. The kernel average center misorientation (KACM) is the average misorientation 
between a point on the measurement grid and its neighbors. For a hexagonal 
measurement grid, this is the average misorientation between the orientation of a 
given measurement point and the orientations of the six equidistant neighbors. As 
with KANM, the grain boundary effect is removed by only including points 
misoriented relative to the point at the center of the kernel within some prescribed 
value included in the averaging calculation. If the kernel is larger than the first 
nearest-neighbors, then KACM can be calculated in two different ways: a) the 
misorientation from each point in the kernel with respect to the center point of the 
kernel is calculated and averaged or b) only the points at the perimeter of the kernel 
are used in the calculation. If only the nearest-neighbors are used, then the variants 
are identical. Because this method focuses on the center point of the kernel, the 
boundary edges are well preserved as can be observed in Fig. 46. 
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a) b) c) 
 
Fig. 46. a) KOS, b) KANM and c) KACM maps from a partially recrystallized steel 
sample-6
th
 nearest-neighbor kernels. 
 
6. The reference orientation deviation (ROD) map shows the deviation in orientation 
of a measurement point from the average orientation of the grain to which the point 
belongs. Two approaches that have been reported are the use of the average 
orientation for a grain as the reference orientation and the point in the grain with 
the lowest kernel average misorientation. 
 
3.1.3. Statistical correlation of EBSD strain indicators with crystal orientation 
 
As previously described, various metrics such as IQ or local misorientation can be 
correlated to calibration curves to provide a somewhat quantitative measure of strain 
within the scan area. Two approaches can be taken. The first is to partition the data using 
one of the various measures of "strain", while the second is a more continuous approach 
termed "scalar texture". 
 
Partitioning 
 
Because of the discrete nature of OIM data, it is possible to correlate the strain 
measurements with specific orientations. Fig. 47 shows an example for a large combined 
beam and stage scan obtained on the partially recrystallized steel sample already described. 
The KAM distribution data were partitioned into two subsets: one containing all of the 
measurements with KAM values greater than 1.5° and another subset containing all of the 
orientation measurements with KAM values greater than 1.5°.  
 
 
 
Fig. 47. 5
th 
nearest-neighbor KAM distribution calculated for two subsets of the full 
dataset partitioned based on the KAM distribution for partially recrystallized steel. 
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Scalar textures 
 
The correlation between any scalar parameter and crystallographic orientation can be 
characterized using an approach termed scalar textures [224]. In a scalar texture, 
orientation space is divided up into many bins. For each orientation measurement in the 
OIM scan, the bin corresponding to the measured orientation is incremented by the value 
of the scalar parameter in question. A second value is tracked for the bin, that is, the 
number of points contributing to the bin. Thus, an average value for the given scalar 
parameter can be calculated for each bin. Pole figures and inverse pole figures can be 
constructed showing the variation in the scalar parameter average value with 
crystallographic orientation. This technique works best when there are many random 
orientations. Using this approach any of the parameters described previously such as the IQ 
or the measures of local misorientation can be determined as a function of orientation. Fig. 
48 shows the KAM scalar texture for the large dataset described in the previous section.  
 
 
 
Fig. 48. (100), (110) and (100) pole figures showing the average KAM value as a function 
of pole orientation for a partially recrystallized steel. 
 
3.2. Grain boundary 
 
Typically, grain boundaries with misorientations between 2° and 10° are considered 
subgrain or low-angle grain boundaries (LABs) and given a specific color, such as silver, 
whereas boundaries with misorientations major than 10° are considered random high-angle 
grain boundaries (HABs) and are typically colored black. EBSD technique allow 
percentages of grain boundaries in each category to be compared and OIM maps 
possessing this component allow the concentration and distribution of low-angle grain 
boundaries to be determined. If the neighboring pixels are from different phases, phase 
boundaries may be displayed instead. 
 
3.3. Special boundaries 
 
Special boundaries (SB) are individual user-defined boundaries using an axis-angle 
definition to identify specific types of boundaries. For example, the Σ3 CSL/twin may be 
described by a 60° rotation about <111> between neighboring crystallographic domains. 
EBSD tools are also available to determine the character, prevalence and distribution of 
special boundaries, where the axis/angle definition is not known for a material or 
processing method. Quantitative analysis of the information depicted in an EBSD map is 
also usually possible. For a map made of a mixture of pattern quality and grain size 
coloring components, histograms may be generated describing the overall frequency 
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distribution of the pattern quality parameter, as well as the grain size distribution within the 
area of analysis.  
Numerous studies have shown that low-Σcoincidence site lattice (CSL) boundaries, usually 
taken as Σ3n with n=1, 2 and 3, possess good resistance to carbide precipitation [225]. 
Ductility is enhanced by the presence of low-ΣCSL boundaries, too. Additionally, low-
ΣCSL boundaries have been found to offer strong resistance to weld decay by reducing 
intergranular precipitation [226]. 
While the resistance to carbide precipitation of CSL has been pointed out in a large number 
of studies, Singh et al. [227] have indicated that an increase in the frequency of CSL does 
not necessarily translate into a higher resistance to sensitisation. 
Although positive reports on the low-ΣCSL boundaries are numerous, a recent study by 
Santos et al. [228] has reported unfavourably on the susceptibility of the Σ3 (twins) 
boundary of a gas-nitrided AISI304L to corrosion-erosion damage. In actuality, the 
possibility of obtaining very favourable properties by the generation of high fractions of 
low-ΣCSLs in alloys was very early proposed as grain boundary design and control by 
Watanabe [229] in the 1980s. Methods for generating low-ΣCSL boundaries have been 
explored by a few groups [230,231] and these include thermomechanical treatments such 
as strain annealing [232] and strain recrystallisation [233].  
The nature of recrystallisation has a direct impact on the resulting grain boundary 
characters. In a 304 stainless steel, Mishin et al. [234] have found that static 
recrystallisation promotes the formation of Σ3n boundaries (n = 1-3), but dynamic 
recrystallisation promotes low-angle boundaries (Σ1) with literally no twin boundaries, 
insofar as the dominant mechanism of microstructural change in dynamic recrystallisation 
is dislocation rearrangement. Surprisingly, in a recent study on 304, Wasnik et al. [235] 
have shown that when the amount of random grain boundaries exceeds a certain critical 
value, they can suppress intergranular corrosion. Besides the amounts of CSLs, their 
distribution has been found to be equally important. When the CSLs are uniformly 
distributed in 304 stainless steels, more significant enhancement of the resistance to 
intergranular corrosion can be attained because the network of susceptible random 
boundaries will be broken up.  
It was mentioned at the beginning of this section that Σ3n (n = 1-3) were typically regarded 
as being special. However, a study has shown that only coherent twins (Σ3) are truly 
"special" [236]. 
 
4. Grain refinement on stainless steels 
 
Traditionally plastic deformations have been used to increase the strength of stainless 
steels. Nevertheless, strengthening in this way leads to poor formability and ductility. In 
order to get around this problem, strengthening through grain refinement is commonly 
utilised. Besides strength and wear resistance [237], pitting resistance [238] and resistance 
to cavitation and cavitation-erosion [239] can also be improved by reducing grain size. 
 
4.1. Heavy plastic deformation 
 
A number of workers have focused on methods that may refine the grains throughout the 
bulk of metallic materials by utilising very severe plastic deformations with techniques like 
high-pressure, equal channel angular pressing, high-pressure torsion, accumulative roll-
bending, mechanical milling, single and multiple forging. 
While the microstructural evolutions of metallic materials after hot deformation have been 
well studied, the microstructural evolutions of metallic materials after "warm deformation" 
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(i.e. 0.25-0.65Tm) were less studied until recently. A series of studies [240,241] devoted to 
this topic have shown that the evolution of grains after severe warm deformation is not 
related to discontinuous dynamic recrystallization. Rather, a strain-induced continuous 
recrystallisation is involved [242,243]. The strain-induced continuous recrystallisation 
leads to a large number of subboundaries with moderate to high misorientations at high 
strain levels and some of the boundaries look like conventional grain boundaries. The 
subgrains eventually develop an equiaxed, homogeneous, fine-grained microstructure with 
decreased densities of dislocations in their interiors. 
The microstructural changes in materials deformed at temperatures below 0.65Tm has not 
been well documented. Recently, the microstructural evolutions of austenitic [244,245] and 
duplex stainless steels [246] during warm deformation (0.25-0.65Tm), the mechanisms for 
their subsequent grain refinements and the microstructural changes in the deformed 
stainless steels during annealing have been examined in detail by Belyakov et al. [246-249] 
in a series of studies. 
For the 304 austenitic stainless steel used by Belyakov et al. [245,247,248], severe 
deformation was imparted to it through multiple compressions at about 600 °C (0.5Tm), 
with a change in loading direction by 90° in each pass. The evolution of microstructure is 
as follows: in the early stage of deformation, high densities of dislocations form nearly 
homogeneously in parallel layers that are crossed by dislocation walls with low-to-medium 
misorientations. At moderate levels of strain, recognisable, more equiaxed subgrains 
containing high densities of dislocations in their interiors appear, with an attendant 
increase in the misorientations among their boundaries. During deformation, the grains are 
broken up by dense dislocation walls (called geometrically necessary boundaries, GNBs 
[249,250]) into domains/cell blocks, which possess different combinations of operative slip 
systems. At even higher strain levels, the high internal stresses may act as back stresses to 
hinder the movement of dislocations, thereby leading to a decreased number of 
dislocations in the interiors of the fine grains and a high hardening of the material. The 
strain-induced, fine grains containing reduced amounts of dislocations spread 
homogeneously over the bulk of the material. 
Interestingly, the fine-grained microstructure with high-angle boundaries developed in this 
way, although being high in strain energy, has been found to be resistant to discontinuous 
(primary) recrystallisation and grain coarsening [245]. While primary recrystallisation 
occurs heterogeneously in materials that sustain low-to-medium levels of deformation (i.e., 
levels of deformation obtained by conventional deformation techniques), the 
recrystallisation in strain-induced fine-grained austenitic stainless steels, which sustain 
very large deformation, occurs homogeneously. This recrystallisation is called continuous 
recrystallisation [245] and the strain-induced fine grains themselves act as the 
recrystallisation nuclei. The evolution of microstructure in duplex stainless steels upon 
severe plastic deformation has also been studied by Belyakov et al. [251]. In duplex 
stainless steels, the austenite and ferrite phases have different deformation kinetics [246]. 
The austenite phase will attain an ultrafine-grained microstructure faster than will the 
ferrite phase because multiple twinning occurs readily in the former phase at the early 
stage of deformation [246]. 
 
5. Industrial case studies 
 
Experiments of multi-stage cold forging of an AISI 1005 heat pipe fitting and of single-
stage forging of an AISI 1005, AISI 304L and Duplex 2205 hex-head plug fitting were 
performed, in order to validate the proposed FE models. The process parameters were the 
same as those in the FE simulations and results detected in both components were in good 
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agreement with experimental results. The experimental tests were conducted at Zoppelletto 
S.p.A. 
 
5.1. Evaluation of defects in multi-stage cold forged heat pipe fitting 
 
Although many works have been carried out on forging defects (cf. §1.1 of "Part 3"), there 
is lack of extensive research on defects formation in multi-step forming of axisymmetrical 
components. Article II and III were aimed at supporting the research in this field by 
analyzing an industrial multi-stage cold forging process of an heat pipe fitting using a 3D 
rigid-plastic FE model (cf. §7.1 of "Part 2"). In particular, the formation mechanisms of 
surface defects in the optimized three-stage forging-sequence were studied through FEM 
simulations and the numerical model was then validated by means of experimental data 
coming from the real process (cf. Article III).  
Article III describes the experimental forging test in detail. In particular, the AISI 1005 
cylindrical billets (24 mm diameter, 91.4 mm height and 324 g weight) were coated using 
the experimental single bath lubrification system (cf. §2.3.4 of "Part 1"). Tool steels were 
heat treated (i.e. preheated, austenitized, quenched and tempered) to produce an hardness 
of 60-65 HRC and coated with a multilayer PVD coating, composed of an AlCrN layer and 
a TiN interlayer deposited upon the steel substrate (cf. Article I).  
 
Underfilling and surface defects evaluation  
 
By analyzing a series of workpieces coming from each forging stage, the reduction of 
underfilling areas was detected through regular visual inspections and stereoscopic 
observations. In addition, the FE results were finally compared with those obtained from 
the experimental investigations and a good agreement was observed (cf. Article II and III). 
By using FEM simulation, it was found that defects occur in each stage of the optimized 
forming sequence (cf. §7.1 of "Part 2"). For more details on the description of the 
formation mechanisms of surface defects see Article III. 
In this work, visual inspections coupled with microscopic investigations were performed to 
validate FE results. These analyses were based on the surface defects photographs and 
micrographs collected by light optical (LOM) and scanning electron (SEM) microscopy. 
The good correlation between virtual and experimental observations allowed to link the 
forging defects, detected on each forged part, to the evaluated conditions which could 
cause them (see Table 2 of "Article II"). 
 
5.2. Dimensional inspection and microstructural characterization of the single-stage 
forged hex-head plug fitting 
 
Conventional cold forging set-up 
 
Starting from the FE simulations developed for each tested steel (cf. §7.2 of "Part 2"), a 
series of cold forged hex-head plug fittings were obtained from single-stage forming tests, 
in order to validate the proposed FE models and results. 
Before experimental tests, 50 cylindrical billets (i.e. 22 mm diameter, 18 mm height and 51 
g weight) were cut from the hot rolled bars for each material considered. AISI 304L and 
Duplex 2205 stainless steel bars were solution heat-treated at 1150 °C and 1050 °C 
respectively and water-quenched in order to avoid precipitation of carbides and secondary 
phases. Then steel billets were coated using the experimental single bath lubrification 
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system (cf. §2.3.4 of "Part 1"). Finally tool steels were heat treated and coated as reported 
in §5.1 of "Part 3".  
For more details on process description see Article IV. 
 
As the basis of tools design (i.e. dies and punches) and quality certification for forgings, 
the forging drawing of the low-carbon AISI 1005 component is illustrated in Fig. 49. 
 
 
 
 
  
Front view Top view 
 a)  b) 
 
Fig. 49. a) The hex-head plug fitting CAD geometry, and b) front and top views. 
All dimensions are in mm. 
 
By analyzing the simulated stainless steel forged components, some underfilling areas 
occured close to the hex-head of the plug (cf. §7.2 of "Part 2"). Moreover, these forged 
parts did not meet the forging drawing tolerances established by Zoppelletto S.p.A. 
 
Optimized cold forging set-up 
 
The re-design of the conventional single-stage process for cold forging of stainless steels 
were performed by using finite element methods (cf. §7.2 of "Part 2"). Thus, for each steel 
considered, a series of cold forged plugs were formed from 50 optimized cylindrical billets 
(i.e. 22 mm diameter, 18.3 mm height and 55 g weight), cut from the same treated bars 
used for conventional tests. Then billet surfaces were lubricated (cf. §2.3.4 of "Part 1") and 
tool steels were heat-treated and coated (cf. §5.1 of "Part 3"). 
Compared to the conventional process, focusing on FE results reported (cf. §7.2 of "Part 
2") and on regular visual inspections of forged parts, the underfilling areas were limited at 
the flange of the optimized plug fittings in both stainless steels considered (cf. Article IV). 
Table 16 reports the dimensional tolerances revealed on the stainless steel components 
produced by optimized cold forging process and measured by a vernier caliper. As can be 
seen, the stainless steel forged parts slightly meet the drawing tolerances "A" and "B" 
established by the company for the AISI 1005 part (Fig. 49b). About 100 stainless steel 
forged parts (50 in AISI 304L and 50 in Duplex 2205) were submitted to dimensional 
inspections by vernier caliper measurements. 
 
Forging tolerances [mm] AISI 1005 AISI 304L Duplex 2205 
A 30 + 1.0 28.8  28.7 
B 19 ± 0.5 18.5  18.4 
C 10 ± 0.5 9.7 9.5 
 
Tab. 16. Average values of tolerances revealed on the optimized stainless steel cold forged 
components. 
 
 
89 
Optimized warm forging set-up 
 
In order to ensure a better filling at the die corners and meet the drawing tolerances 
reported in Fig. 49b, a series of warm forged stainless steel plug fittings were produced 
from the optimized billet geometry at the forging process conditions and parameters 
reported on section "Optimized cold forging set-up" of Part 3. Thus, the billets were 
subsequently preheated at 700, 600, 500 and 400 ±5 °C respectively using a muffle furnace 
before warm forging tests.  
For more details on process description see Article V. 
 
About 400 near-net-shape components (50 for each stainless steel grade and forging 
temperature) were obtained from the forging tests. 
Table 17 lists the dimensional tolerances obtained on the warm forged plug fittings and 
revealed by a vernier caliper at different forging temperatures. The stainless steel forged 
parts strictly meet the drawing tolerances of AISI 1005 plug.  
 
Forging tolerances [mm] AISI 1005 Temperature [°C] AISI 304L Duplex 2205 
A 30 + 1.0 
400 30.1 30.4 
500 31.1 30.5 
600 30.2 30.5 
700 30.3 30.6 
B 19 ± 0.5 
400 18.9 18.6 
500 19.0 19.0 
600 19.1 19.2 
700 19.5 19.4 
C 10 ± 0.5 
400 9.7 9.6 
500 9.9 9.8 
600 9.9 9.9 
700 10.0 10.0 
 
Tab. 17. Average values of tolerances revealed on the optimized stainless steel warm 
forged components. 
 
The temperature of 400 °C was then selected to guarantee the production of near-net-shape 
plug fittings resulting in energetic, economic and ecologic benefits to the company. 
 
Microstructural characterization of optimized cold-warm forged parts 
 
The effects of the optimized cold and warm forging on microstructural and local plastic 
strain evolution of α- and γ-phase on steels considered were also studied.  
The investigation was performed by using EBSD techniques coupled with micro-hardness 
measurements, in order to detect local plastic strain, grain size, grain boundary character, 
grain orientation, texture and strain hardening rate of the undeformed and deformed 
samples. 
The metallographic analyses were performed on the cylindrical billets and cold-warm 
forged samples sections parallel to the rolling direction (RD) and compression z-axis (CA) 
respectively (cf. Article IV and V). The focus was set on the microstructural analysis of 
areas corresponded to different levels of strain. For more details see Article IV and V. 
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The main results found can be summarized as follows (cf. Article IV and V): 
- The cold and warm forging processes cause a significant grain refinement in the 
deformed zones for each steel considered. 
- Cold forged samples with the presence of ferrite (i.e. AISI 1005 and Duplex 2205) 
exhibit a preferential distribution of grain orientations in [100] direction on the 001 
and 111 poles. Moreover, the α-grains in Duplex 2205 at the as-received state show 
a strong crystallographic orientation in all directions of observation ([010], [100], 
[001]) on the 001 pole. On the other hand, cold forged samples with the presence of 
austenite (i.e. AISI 304L and Duplex 2205) report a change of the crystallographic 
orientations, with a preferential distribution of grains in [100] direction on the 011 
and 101 poles. 
- The cold-worked α-phase in AISI 1005 steel has a lower tendency to harden 
compared to γ-phase of AISI 304L steel. Furthermore, γ-phase tends to harden 
easier on austenitic than on dual-phase stainless steel. This can be associated to the 
crossing of slip planes, different effect of twin boundary formation and the raise of 
the dislocation density in the deformed zones. 
- In the cold-forged material, the estimated deformed volume fraction is higher in the 
γ-phase than in the α-one. The γ-phase grains deform more homogeneously than the 
initially large α-phase grains, in which a strong internal substructure builds up 
during deformation. 
- Steels forged at room temperature result in the development of fine grained 
microstructures. Low-angle boundaries (LABs) increase and high-angle boundaries 
(HABs) decrease, as a direct consequence of the building up of dislocation 
microstructures. 
- The microstructure of γ-phase develops from 400 to 500 °C is composed of fine 
grained microstructure at different strain levels. The fraction of special boundaries 
(SB) decrease rapidly from 400 to 500 °C on deformed zones of stainless steels 
analyzed. On the other hand the morphologies of γ-phase detect at higher forging 
temperatures (i.e. 600 and 700 °C) are almost fully composed of fine nearly-
equiaxed and large-elongated grains, which are considered to be discontinuous 
dynamic recrystallized (DRX) grains. Similar values of LABs and HABs fractions 
and formation of annealing twins are observed on stainless steels forged parts. 
 
 
 
 
 
 
 
 
 
 
 
91 
CONCLUSIONS 
 
Forging is one of the most economical and efficient method for producting simplex or 
complex steel components. The metal is plastically deformed and assumes the shape of the 
forging tools and the resulting components have refined grain structure and improved 
mechanical properties, such as strength, toughness, and ductility. 
In particular cold and warm forging of low-carbon steels are economically attractive due to 
savings in material, dimensional accuracy and good surface finish. 
Furthermore, there is still lack of extensive research on closed-die cold and warm forming 
of stainless steels, which require advanced tools for the design of forging operations and 
close control of the process variables. 
In recent years numerical simulation techniques, mainly based on finite-element (FE) 
analysis, have been used to investigate metal forming processes, providing useful 
informations in the prediction of several process parameters. Furthermore, the correct 
design of the forging stages involves the use of numerical simulation, where a coupled 
thermo-mechanical model has to be implemented and calibrated. 
In this PhD thesis a new approach has been presented, focused on testing and modelling to 
correctly analyze the different phenomena that affect material, process and product 
performance during and after the mechanical and microstructural events in cold and warm 
forging operations. 
In particular, an experimental setup was designed and developed in order to determine the 
elasto-plastic properties of low-carbon and stainless steels at different strain rates and 
temperatures. Moreover, a new testing procedure for the evaluation of the friction 
conditions for the industrial forging processes analyzed was developed.  
Numerical models able to performed coupled thermo-mechanical simulations of the 
industrial cold and warm forging processes were then implemented in the commercial 
FORGE2011
®
-3D software. The material rheology and friction conditions at the die-
workpiece interface were evaluated by an inverse analysis approach, in order to properly 
calibrate such FE models. Numerical simulation demonstrated to be a useful tool to re-
design and predict the formation mechanism of surface defects on a multi-stage cold 
forging process of a low-carbon steel; moreover it helped to calibrate an industrial single-
stage cold forging process to form stainless steel forged parts starting from different 
forging temperatures. The temperature of 400 °C was then selected after several trial tests 
by using the FE code, in an attempt to guarantee the production of near-net-shape 
components resulting in energetic, economic and ecological benefits to the company.   
Finally, the developed FE procedures were applied to industrial forging processes and a 
good agreement between numerical and experimental results was observed. Cold and warm 
forged parts, obtained from the optimized single-stage process, were then compared in 
order to investigate the microstructural evolution of α and γ-phase grains on each steel 
tested at different forging temperatures. The coupled effect of strain and temperature seems 
to great influence the α- and γ-grains orientation distribution and their morphology on both 
phases. 
This confirms the "leading thread" of the thesis, which describes the relationships between 
the industrial case histories, numerical FE models and final forged components obtained. 
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ABSTRACT 
 
Surface treatments of tool steels have the main purpose of improving the wear and fatigue 
resistance. Cold deformation and shearing require protection of forging and cutting tools, 
against severe abrasive wear. This goal is achieved through an accurate surface finishing of 
tools and the deposition of coatings at low friction coefficient, that allow to considerably 
increase tools life in many applications. 
In this work, the surface morphology, microstructure and element composition of different 
PVD deposited single- and multi-layer coatings, applied on conventional and powder 
metallurgy (PM) cold work tool steels, were investigated by using a Field-Emission Gun 
Environmental Scanning Electron Microscope (FEG-ESEM, model QUANTA 250 FEI
©
) 
equipped with an Energy Dispersive X-ray Spectroscopy (EDS, EDAX
©
) system. EDS 
analyses also permitted to identify the presence of complex carbides composed by the main 
alloying elements on tool steels analyzed, after heat treatment. 
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1. INTRODUCTION 
 
In recent years, production techniques are remarkably improved, due to the increasing 
demand of accuracy and high productivity by the companies. Especially tool material 
selection, design and manufacture are important factors to reduce long process 
development time and high production costs. 
To achieve these targets, it is also required to well know the selection criteria of the tool 
steel grades, specially in severe working applications. 
In particular, the performances of a cold work tool steel are affected by many factors (Fig. 
1) and are mostly evaluated by examining the quality of the forged parts. 
In most applications, a remarkable increase in dimensional accuracy and surface finish is 
required and a wear or damage tool raises the rate of waste material. Therefore, it must be 
retreated or replaced. 
The steel selected has notable influence on failure mechanisms of the most common cold 
work tools, such as abrasive and adhesive wear, bonding, chipping and cracks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Factors affecting tool performances. 
 
Nowadays high-speed steels (HS or HSS) are the mostly used materials to design tools for 
cold forging operations (e.g. shearing, deep extrusion, etc.). 
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The main properties of cold work tools, after heat treatment, can be summarized as 
follows: 
- Hardness values reached in the range of 56-62 HRC [1-5]; 
- High resistance to wear and to repeated impacts;  
- High toughness (i.e. the best compromise between higher hardness and lower 
embrittlement); 
- Good fatigue resistance, which strictly depends on the geometry and finishing state 
of the tool as well as its hardness and metallographic structure; 
- Thermal fatigue and shock resistance, which are essential due to the high localized 
temperatures that are generated during forging. 
 
Nevertheless, the mechanical properties of these steels are largely determined by the 
chemical composition and the manufacture method used. 
In recent years, the need to provide high performance tool steels has intensified drastically 
and this demand has been satisfied thanks to the introduction of powder metallurgy (PM) 
steels. PM tool steels improve resistance to wear and heat, hardness, toughness and 
dimensional stability as compared to the conventional HSS steels. It is also possible to 
produce tools with complex geometry and restricted tolerances at a low cost [6-7]. This is 
possible due to the reduction of macro-segregations that allows the production of steels 
with a complex multi-component alloying system [6-7]. 
In addition small carbides, with high hardness, usually have a more homogeneous 
distribution in the matrix after conventional heat treatment. This give the possibility to 
produce an isotropic steel almost avoid of inclusions and with a uniform microstructure 
[1,2,8,9,10,11]. 
Furthermore, cold forming processes require a protection of the forging tools, in an attempt 
to control the severe wear developed on them during forging. This phenomenon can be 
minimized by using a particular management of surface finish and the deposition of hard 
coatings, characterized by low friction coefficients and high hardness. In this way, it is 
possible to greatly improve the process conditions and the forging tools life in many 
applications. 
The request for strict dimensional tolerances and reduced coating thicknesses of cold work 
tool steels, makes the physical vapor deposition (PVD) technique suitable for this purpose 
[12,13]. Settings on the deposition technique and the number of coating layers can be 
useful in order to improve the coating performances. Moreover, the study of the best 
combinations between the steel substrate and coating may offers advantages. 
In industrial practice, the results are not always based solely on the mechanical properties 
of the coating and such gaps between predictions and reality can be justified considering 
the fact that the forging tools are complex parts, mechanically and thermally stressed 
unevenly. 
It follows that the coating selection requires a prior characterization about wear and 
corrosion, but also experimental tests that simulate as much as possible the working 
conditions of the tool. 
In this work, starting from these assumptions, the surface morphology of different PVD 
hard coatings deposited on conventional and PM cold work tool steels samples were 
characterized by using a Field-Emission Gun Environmental Scanning Electron 
Microscope (FEG-ESEM, model QUANTA 250 FEI
©
) equipped with an Energy 
Dispersive X-ray Spectroscopy (EDS, EDAX
©
) system. The complex carbides composed 
by the main alloying elements, after heat treatment, were also investigated in term of type, 
chemical composition, size, morphology and distribution on the steel matrix. 
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2. EXPERIMENTAL PROCEDURE 
 
The materials used in this work were a conventional (i.e. commercially named HPS) and a 
powder metallurgy (PM) HS 6-5-3C high-speed steel. Their corresponding chemical 
compositions are reported in Table 1.   
 
Steel Fe C Si Mn Cr Mo V W 
HPS 
HS 6-5-3C 
Bal. 
Bal. 
1.00 
1.28 
1.00 
0.5 
0.40 
0.3 
7.00 
4.20 
1.40 
5.00 
2.00 
3.10 
0.80 
6.40 
 
Tab. 1. Chemical composition of the steels examined in this study (wt. %). 
 
Five cylindrical specimens (18 mm diameter and 4 mm thick) were drawn from the as-
received hot rolled round bars and then heat-treated in a vacuum furnace with inert gas. 
The vacuum heat treatment cycle consisted of four stages (Fig. 2): 
- preheating 
- austenitizing 
- quenching 
- tempering 
 
 
 
Fig. 2. A typical heat treatment cycle of tool steel. 
 
The preheating stage involved a uniform heating of the samples through three preheat steps 
in order to guarantee the homogeneity of the core and surface temperatures. 
The austenitizing procedure is the key factor of the entire heat-treatment cycle as it drives 
the grain size of austenitic phase and, consequently, controlled the toughness and the wear 
resistance of the materials. After the austenitizing, the specimens were rapidly quenched to 
achieve a desired martensitic microstructure and maximize the hardness.  
After quenching, the specimens of both materials were subjected to repeated multi-
tempering cycles to relieve the stress on the brittle martensite and reduce the amount of 
retained austenite (Table 2). 
 
 Temperature [°C] 
Steel  
Preheating 
Austenitizing 
Tempering 
I° II° III° I° II° III° IV° 
HPS 850 900 1050 1100 540 540 540 - 
HS 6-5-3C 850 900 1050 1120 540 540 540 550 
 
Tab. 2. Temperatures selected during heat treatment cycle. 
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After the heat treatment, the hardness of HPS alloy and HS steel grade increased up to 60 
and 65 HRC, respectively.  
Some specimens were then polished to mirror-like finish, cleaned in ethanol and coated by 
using Physical Vapour Deposition (PVD) techniques. 
More specifically, different PVD deposition routes were used (Table 3): 
- Sample A and B: single-layer TiN coating, deposited at 420 °C; 
- Sample C and D: double-layer TiN/AlCrN coating, deposited at 450 °C; 
- Sample E: duplex treatment, consisting of plasma nitriding and subsequent multi-
layer TiAlCN coating, deposited at 550 °C. 
 
For sample E, plasma nitriding and PVD coating were done inside the same chamber, by 
changing the processing parameters used for each of the diffusion and coating treatments 
steps. When duplex treatment was performed in a hybrid reactor, contact of the specimen's 
surface with air between the treatments was avoided and no cleaning or activating of the 
pre-nitrided surface was needed. Plasma nitriding was carried out in conditions where no 
white layer can be formed. After plasma nitriding, PVD coating was carried out, by 
depositing a thin multi-layer TiAlCN film. The resultant coating showed an high hardness 
(i.e. 2000-4000 HV), with good physical and mechanical properties such as a good wear 
and corrosion resistance, low friction coefficients and low thermal conductibility. 
Moreover, such surface treatment produced a hardness-gradient layer between the coating 
and substrate which improves the final wear resistance and induces a high resistance to 
compression tests. In fact the incremental hardness value of the inter-layer associated to its 
chemical modulation, increases the coating adhesion to the substrate and reduces the 
fracture risks of thin film under high concentrated compressive loads.  
 
Sample Steel  First layer  Second layer  
Multi-layer 
film 
Coating 
thickness 
[µm] 
A HPS TiN - - 5 
B HS 6-5-3C TiN - - 5 
C HPS TiN AlCrN - 10 
D HS 6-5-3C TiN AlCrN - 10 
E HS 6-5-3C - - 
Ion nitriding + 
TiAlCN 
3 
 
Tab. 3. PVD coatings analyzed. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Structural and chemical characterization of PVD coatings 
 
The EDS line scans, showing the main alloying elements of the PVD coatings, are reported 
in Figs. 3-7. Fig. 3 and 4 exhibit the deposition of a TiN layer of about 10 μm, while Figs. 
5 and 6 show the deposition of a first TiN layer on steel substrates and then a second 
AlCrN film. Fig. 7 displays the EDS spectrum of duplex multi-layer coating deposited onto 
PM HS 6-5-3C tool steel.  
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Fig. 3. a) SEM micrograph and b) EDS line scan on sample A.   
 
  
 
Fig. 4. a) SEM micrograph and b) EDS line scan on sample B. 
 
  
 
Fig. 5. a) SEM micrograph and b) EDS line scan on sample C. 
 
  
 
Fig. 6. a) SEM micrograph and b) EDS line scan on sample D. 
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Fig. 7. a) SEM micrograph and b) EDS line scan on sample E. 
 
3.2. Chemical characterization and morphology of carbides 
 
The carbides morphology, identified in both tool steels after heat treatment, was analyzed 
by using a field-emission gun environmental scanning electron microscope equipped with 
an EDS system for chemistry analysis. 
Starting from PM tool steel, it is well known from the literature that this kind of alloys 
contain primary carbides rich in V-W-Mo. These precipitates play a key role in the 
mechanical properties of these steels, increasing hardness, wear and heat resistance [14]. 
The powder consists predominantly of austenite, a small amount of martensite, as well as 
MC-carbides. 
Typically M6C-carbides (rich in W) and MC-carbides (rich in V) are also known, although 
is still unclear if the latter have actually VC stoichiometric composition [15]. 
Q.L. Yong et al. reported that VC-carbides are often detected in the form of V8C7 or V6C5 
on PM tool steels [16]. Other researches by transmission electron microscopy (TEM) 
identified these precipitates as V-rich carbides (i.e. V6C5) [17]. 
Fig. 8a shows the typical microstructure of the heat-treated PM HS 6-5-3C tool steel (i.e. 
sample B, D and E). The white particles detected at the grain boundaries are W-Mo rich 
carbides (Fig. 8b) and, on the other hand, darker particles within the grain are V-W-Mo 
rich carbides (Fig. 8c). These precipitates are homogeneously distributed in the matrix. 
Fig. 9 presents the EDS maps showing the presence of different types of carbides within 
the matrix. The presence of Mn-sulphides can be detected by both the EDS spectrum (Fig. 
8d) and the EDS map (Fig. 9e), where the Mn-concentration in these particles is greater 
than the rest of the matrix. 
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Fig. 8. a) SEM micrograph of carbides and EDS spectra of b) W-Mo rich, c) V-W-Mo rich 
carbides and d) Mn-sulphides. 
 
 
  
  
 
Fig. 9. a) SEM micrograph of carbides and b,c,d,e) EDS maps of the main alloying 
elements. 
 
The conventional heat-treated HPS steel (i.e. samples A and C) contains several carbides 
forming elements, such as W, Mo, Cr, and V, which form coarse primary carbides during 
the solidification process [18-19]. Normally, three types of primary carbides M6C, MC and 
M2C occur during the solidification process [20]. Fig. 10a shows a SEM micrograph that 
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highlights the presence of carbides with uneven morphology and size, after heat treatment. 
The EDS spectrum of the darker particles (marked with "A") shows the presence of V-rich 
carbides (Fig. 10b). The clearer spheroidal shape particles (marked with "B") are identified 
as V-Cr rich carbides (Fig. 10c). 
 
 
 
 
 
 
Fig. 10 a) SEM micrograph of carbides and EDS spectra of b) V-rich, c) V-Cr rich 
carbides and d) Mn-sulphides. 
 
Fig. 11 reports the SEM micrograph of the heat-treated HPS alloy and the EDS maps of the 
main alloying elements. It can be noted the presence of Mn-sulphides as detected by the 
EDS spectrum in Fig. 10d and the EDS map in Fig. 11f. 
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Fig. 11. a) SEM micrograph of carbides and b,c,d,e,f) EDS maps of the main alloying 
elements. 
 
4. CONCLUSIONS 
 
In the present study, the surface morphology, microstructure and element composition of 
different PVD deposited single- and multi-layer coatings, applied on conventional and 
powder metallurgy (PM) cold work tool steels, were investigated. 
The characterizations were performed by using a Field-Emission Gun Environmental 
Scanning Electron Microscope (FEG-ESEM, model QUANTA 250 FEI
©
) equipped with 
an Energy Dispersive X-ray Spectroscopy (EDS, EDAX
©
) system. 
Based on the results obtained, the following conclusions can be drawn: 
 PVD single-layer, double-layer and duplex multi-layer coatings have a thickness of 
5, 10 and 3 μm respectively. The combined coatings lead to higher surface micro-
hardness (i.e. 3200 HV) as compared to the TiN coating (i.e. 2300 HV). This makes 
them more suitable to be used in cold forging processes. 
 On samples B, D and E is lighlight the presence of W-Mo and V-W-Mo rich 
carbides, and Mn-sulphides homogeneously distributed on the matrix. Meanwhile 
on samples A and C are detected V-rich and V-Cr rich carbides. Even in this case 
Mn-sulphides particles are revealed. 
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ABSTRACT 
 
In this work, the formation mechanisms of surface defects in multi-stage cold forging of 
axisymmetrical parts have been studied through FEM simulations. As case history, the 
industrial production of an heating pipe fitting by cold forging has been analyzed. Based 
on simulated flow behaviour of material, several types of surface defects are identified and 
attributed to plastic instability of the work-material, inappropriate axial/radial flow ratio, 
excessive forming-pressure and uncorrect tooling design. The results of the FE model are 
finally compared with those obtained from real forging process and good agreement is 
observed. 
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1. INTRODUCTION  
 
In the last few decades, near-net-shape or net-shape manufacturing is becoming a useful 
practice in metal forming, resulting in saving material and energy. Cold forging, one of the 
net-shape manufacturing processes, is governed by many factors such as friction, geometry 
of the part, tooling design, and temperature setting of the tools and workpieces [1]. Hence, 
this process has a high tendency to form defects and thus it is essential to detect and 
prevent them during the production process. 
In the past, defects related to metal flow imperfections have attracted the attention of many 
researchers. Arentoft and Wanheim paid attention to this issue and summarized the 
different defects in forging processes. A defect-matrix was then proposed to provide design 
reference for engineers [1]. Giuliano studied the compound cold extrusion process to avoid 
the flow-induced defects [2]. Lu and Zhang found that forging defects are caused by 
improper die dimension [3]. Song and Im studied the effect of process design parameters to 
the formation of under-filling and folding defects during closed-die forging of bevel-gears 
[4]. In another study, Qamar investigated the effect of shape complexity and dead metal 
zone to the quality of cold extruded part [5]. Although many researches have carried out 
studies about defect formation in cold forging processes, there is still lack of extensive 
research on defects formation in multi-step forming of axisymmetrical components. This 
work is aimed to support the research in this field by analyzing an industrial multi-stage 
cold forging process of an heating pipe fitting, having floating dies, by using a rigid-plastic 
FEM model. Based on the simulated material flow behavior, the defects formation 
mechanisms are revealed through each forging-stage and a good agreement between FE 
analysis and real forged components is observed. 
 
2. FINITE ELEMENT SIMULATION OF MULTI-STAGE COLD 
FORGING PROCESS 
 
2.1. Process description   
 
Fig. 1 shows the sequence of the analyzed three-step axisymmetric cold forging process 
(preforming, calibration and double deep backward extrusion). A 6300 kN (~642 ton) 
multiple-station mechanical knuckle-joint press with 21 spm and automatic workpiece 
transfer between stations is used. Bottom punches are fixed during the forming cycle and 
act as workpiece ejectors at the end of it. Top punches and dies are driven by press 
cinematism; moreover top dies in each forming stage and bottom dies in the first and third 
operation are floating tools. They are connected with an hydraulic circuit and driven by the 
contact stresses exerted on their interface between the dies and the material during the 
forging process.  
The initial cylindrical billet, lubricated with zinc phosphate/stearate coating, is compressed 
into a preform in the first forging-step and calibrated in the second one. With these two 
operations, an axisymmetric T-shape part is obtained, which is similar to the final shape of 
the component. Finally, in the third stage, the lower and upper part of the workpiece is 
backward extruded. 
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Fig. 1. Multi-stage forging of heating pipe fitting. 
 
As can be seen from the load-stroke curves (Fig. 2a), in stage 1 the top punch load 
increases rapidly after the top and bottom dies end their strokes and reaches its maximum 
value at the end of the forging process. In the third operation, a large deformation also 
occurs in the workpiece near to the walls of the punches and dies. As shown in Fig. 2c, the 
load applied to the dies increases steadily as the top punch moves forward; by approaching 
the end of the forging operation, this load becomes almost constant, as expected. On the 
other hand, the maximum loads on tools are reached during the second operation 
(calibration). 
 
   
 
 
Fig. 2. Load-stroke relationships for the three-operation process. 
 
2.2. Numerical model  
 
A 3D rigid-plastic FEM model is considered more suitable for this process, due to its major 
computational efficiency compared to the others numerical methods. The initial billet is 
modeled with 25958 tetrahedral elements. Remeshing is automatically calculated when 
element distortion becomes excessive and the volume compensation is considered during 
the forming process. The material used for the billet is a steel, whose chemical composition 
is listed in Table 1. 
 
C Si Mn Cr Cu Others Fe 
0.05 0.07 0.30 0.06 0.08 <0.03 bal. 
 
Tab. 1. Chemical composition of the SAE 1005 alloy used in the present work (wt.%). 
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The initial temperature of the billet and tools is 20 °C and tools are considered as rigid 
bodies. It is well known that friction conditions prevailing at the tool-workpiece interface 
have a deep effect on material deformation, forming load, surface finish, internal structure 
of the component, as well as die wear characteristics in metal forming processes. In order 
to accurately predict metal flow, in this work the forging process-sequence is assumed to 
have a Coulomb friction law with a friction coefficient (μ) equal to 0.2 and a shear friction 
coefficient (m) equal to 0.4. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Underfilling defects formation  
 
During the preforming stage, the billet deforms asymmetrically and underfilling occurs 
(Fig. 3). This defect is attributed to the small radii at the die corners and insufficient 
forming-pressure at the final stage of the forming operation. As a matter of fact, by 
approaching to the end of forging stroke, the friction resistance of the die surfaces to the 
material flow is almost fully established; a further material deformation, to enable dies-
filling, would be very difficult. Fig. 3 represents the reduction of the underfilling blue areas 
at the die corners from stage 1 to 3 and a good agreement between numerical and 
experimental results is observed. 
 
  
 
Fig. 3. Comparison between (a,c) analytical and (b,d) experimental evaluation of 
underfilling on stage 1 and 3 at final forging stroke. All front views are reported (V1-V2-
V3-V4). 
 
3.2. Surface defects evaluation 
 
Stage 1 
 
In order to investigate the beginning of defect formation mechanisms in stage 1, effective 
strain and strain rate maps are plotted in Fig. 4 and 5 at two instants of the forming process. 
The metal flow velocity fields are represented by colors and line segments with arrows; 
colors stand for flow velocity and arrows direction depicts the direction of metal flow. At 
89% forging stroke, when top and bottom dies end their stroke and only the top punch 
moves downwards compressing the billet, the surface area marked with A in Fig. 4, 
experiences high effective strain (~2.34) and different directions of strain rate vectors, 
reaching a flow velocity of 170 mm/s. This area can be thus considered a critical zone for 
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the formation of surface micro-pockets. As a matter of fact, those defects are observed in 
that zone of the real forged part as shown in Fig. 4c. 
 
  
 
Fig. 4. a) Plastic strain and b) strain rate plots (with superimposed nodal velocity vectors) 
at 89% forging stroke. c) Stereo micrograph of the analyzed area. 
 
At 92% forging stroke, the asymmetrical deformation of the billet appears to create a "dead 
zone" in the material. The FE model shows that the onset of the fold is a consequence of 
the material expansion, which flows onto that dead zone. The velocity vectors plotted 
confirm that the folding defect is the result of two sliding material flows which occurred 
from 92% to 100% forging stroke (Fig. 5a). The SEM micrograph on the real part confirms 
the presence of that defect on the investigated region (Fig. 5b). 
 
 
 
Fig. 5. a) Plastic strain and superimposed nodal velocity plot showing the mechanism of 
defect formation; b) SEM micrograph of the fold revealed on the investigated zone. 
 
Stage 2 
 
At the end of stage 1, the top punch and die are moved upwards allowing the workpiece to 
establish the equilibrium of residual stresses induced by the first plastic deformation. Fig. 
6a shows that the location of the maximum effective strain areas at the beginning of 
deformation on stage 2, coincides with those revealed at the previous stage. At 100% 
forging stroke, due to an excessive top punch stroke and a non-optimized design of top die 
geometry with an unnecessary chamfer angle, a great amount of material flows to fill the 
area between the top punch and die (Fig. 6b). The photograph of the real part produced 
after the calibration operation validates the FE results obtained (Fig. 6c). 
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Fig. 6. Mechanism of defects formation on second stage at different forging times with 
plastic strain and reported a) Stroke 33% and b) Stroke 100%. c) Photograph of real part 
showing circular fold. 
 
Stage 3 
 
As mentioned above, the surface defects formed during the previous forming stages are 
reported on stage 3, as revealed by high plastic strain values obtained by FE analysis (Fig. 
7a) and confirmed by the photograph of the final product (Fig. 7c). At 11% forging stroke, 
when the top punch starts the backward extrusion operation and bottom die has just ended 
its stroke, the top die comes into contact with the material developing a circular fold as 
shown in Fig. 7a. In Fig. 7 the presence of this defect is individuated by high values of 
effective strain revealed from the beginning (i.e. 11% forging stroke) to the end of its 
formation (i.e. 100% forming stroke). Photograph of the final forged part confirms the 
presence of that folding defect, as underlined by ellipse in Fig. 7c. 
 
 
 
Fig. 7.  Formation mechanism of circular folding defect on third forging stage, from (a) 
the beginning to (b) the end. (c) Photograph of final forged part with defect underlined. 
 
3.3. Defect-Matrix of multi-stage cold forging process 
 
In order to summarize the results obtained, Table 2 is proposed which links the forging 
defects previously analyzed, investigated through FEM analysis and experimental 
observation on each single-stage forged part, to the evaluated conditions which can cause 
them. 
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Legend 
 
Stage 1: S1 
Stage 2: S2 
Stage 3: S3 
Possible causes 
Tools Process parameters 
Geometry Geometrical Flow related 
Too 
small 
fillet 
radius 
Inconvenient 
and 
insufficient 
geometry 
Too 
small 
die 
angle 
Too 
long 
punch 
stroke 
Too 
high 
strain 
rate 
Inconvenient 
material flow 
Inhomogeneous 
deformation 
2
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
2
3
3
2
D
ef
ec
ts
 Folds S3     S3  
Surface 
def. 
Pockets     S1 S1 S1 
Small ext. defects  S2  S2    
Form def. Incomplete filling S1  S1     
 
Tab. 2. A part of Defect-Matrix, linking classification of defects in forging to the possible 
causes of them, in accordance to Ref. [2]. 
 
4. CONCLUSIONS 
 
In this work, a 3D rigid-plastic FE model of an industrial multistage cold forging process 
for the production of an heating pipe fitting has been carried out by using Forge
®
 
numerical code. A systematic approach to predict surface defects, based on numerical 
simulation, has been proposed which shows good agreement between numerical and 
experimental observations. The approach adopted is considered useful for calibrating 
multistage forging process applied to different material categories with different operation 
sequences, in order to produce defect-free parts. The simulation-enabled approach shifts 
the design paradigm from experience-based try-and-error to scientific-based calculation 
and analysis, reducing the time required to set up new forging cycles at about 40%. 
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ABSTRACT 
 
Cold forging process design presents a process layout problem. Due to the variety of 
working procedures and the complexity of the workpiece, it is very difficult to design a 
cold forging process without the designer’s knowledge and experience. The case study 
presented here involves finite-element analysis of a multi-stage cold forging process for a 
heat pipe fitting made by Zoppelletto S.p.A., an Italian company operating in the cold 
forged components market for more than 50 years. Cold forging is the company’s core 
business and in the past 30 years Zoppelletto has evolved from a craft manufacturer into an 
advanced industrial enterprise, able to produce millions of specialty components and 
guaranteeing timely production for delivery. 
Production focuses on five principal sectors: thermo hydraulic, oil-pressure hydraulic, 
automotive, office furniture, and hardware for bolts, hinges, etc. Zoppelletto’s technical 
department has at its disposal the latest CAD-CAM capabilities for manufacturing 
production equipment and forging tools, engineered and produced in-house. For mass 
production of small or medium-sized components, multi-station automatic cold forging 
presses are used. In cold forging, initial materials are formed progressively to final shapes 
by automatic and synchronized operations, including shearing, upsetting, forward and/or 
backward extrusion and piercing. The development of forging simulation software 
presented the challenge of how best to introduce its use into forging companies. Its 
effective introduction has required advances in the user-friendliness of the simulation 
software and its application to a wide range of problems. 
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1. PLANNING A PRODUCTION PROCESS 
 
Because the choice of a process plan affects the design, manufacture, and maintenance of 
the dies, cold forging research emphasizes improvement of process planning. The design of 
a multi-stage forging process sequence involves determining the number of preforms along 
with their shapes and dimensions. The best designs for preforming operations can be 
identified by their ability to achieve adequate material distribution; this is one of the most 
important aspects in the cold forging processes. Traditionally, forging-sequence design is 
carried out using mainly empirical guidelines, experience, and trial-and-error, which 
results in a long process development time, and high production costs. Using computer-
aided simulation techniques in metal forming before physical tests may reduce the cost and 
time of the process design. Many computer-aided approaches based on approximate 
analysis and empirically established design rules have been published. These techniques do 
not always provide detailed information concerning the mechanics of the process. 
However, the finite element method has been shown to provide more accurate and detailed 
information, and thus has been widely adopted for simulating and analyzing various 
metalforming processes. Finite-element analysis (FEA) has become one of the most widely 
used engineering tools and has been adopted in practically all fields of industry due to 
advances in both software capabilities and the availability of more powerful computers. In 
addition, since FEA can simultaneously predict all the necessary stress-strain states in both 
die and workpiece, extensive applications of this method have been reported for large-scale 
deformation forging processes. Many researchers have focused on the effective strain, 
damage and flow patterns within the workpiece during cold forging processes. However, 
up to now, work on the process planning of cold forging has concentrated on rotationally 
symmetric parts. Work on non-axisymmetric parts has not been so actively pursued, due to 
difficulties of shape cognition and expression, calculations of the process variables such as 
forming load, effective strain, effective stress, and so on. In this study, numerical 
simulations were carried out for the design of a cold-forged heat pipe fitting used in 
thermo-hydraulic applications. The simulation was performed using the Transvalor 
FORGE2011
®
-3D software. A forging experiment of the heat pipe fitting also was carried 
out using the designed tool set. From a comparison of the results between the simulation 
and the experiment, it was found that the simulation showed good agreement with the 
experimental result. 
 
2. PROCESS DESCRIPTION AND MODELLING 
 
Fig. 1 shows the sequence of the analyzed multi-stage, non-axisymmetric cold forging 
process. The cold forging process-sequence to form the heat pipe fitting consists of four 
operations: preforming, first and second calibration, and double deep backward extrusion. 
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(a) (b) (c) (d) (e) (f) 
Forging 
tools 
Initial 
billet Preforming Calibration Calibration 
Double deep 
backward 
extrusion 
 
Fig. 1. a) Forging tools used and b-c-d-e-f) sequence of the four-stage cold forging process 
of heating pipe fitting 
 
A 6300 kN, multi-station general-purpose mechanical knuckle press and automatic 
workpiece transfer between stations is used. The cooling time for the workpiece was 2.86 
sec., which for each stage was calculated from the end of one forging operation to the 
beginning of the next one. The top dies in each forming stage and the bottom dies in the 
first and third operation are floating, and driven by the contact forces exerted during the 
forging process. Bottom punches are fixed during the forging process and act as workpiece 
extractors. The material used for the workpiece is a low-carbon alloy steel, whose chemical 
composition is listed in Table 1. Tools are assumed to be rigid with an infinite elasticity 
modulus and a constant temperature of 20 °C. The heat-transfer coefficient is taken as 20 
kW/m
2
. The die-workpiece interface is characterized by the constant factor friction law 
usually used for bulk metal-forming problems, τ = mk. Here, τ is the frictional shear stress, 
m is the friction factor, and k is the shear flow stress. The shear friction coefficient (m) was 
set to 0.4. 
 
C Si Mn Cr Cu Others Fe 
0.05 0.07 0.30 0.06 0.08 <0.03 bal. 
 
Tab. 1. Chemical composition of C4C alloy used (wt.%). 
 
3. PROCESS SEQUENCE OPTIMIZATION 
 
The main objective of the process sequence design in this study is to obtain intermediate 
preforms that will produce a near-net-shape product. Also, design constraints, such as the 
limit of the press capacity and the avoidance of surface defects, should be satisfied. As can 
be seen in the load-forming time relationship (Fig. 2a), the top punch load is almost 
constant at the beginning of the operation. However, immediately after the top die touches 
the bottom die, the punch load suddenly increases and reaches its maximum value at the 
end of the process. The maximum load in this process is 133 metric tons, which is less than 
the limit of the available press capacity of 642 metric tons. In the fourth operation, shown 
in Fig. 2d, a large deformation also occurs in the workpiece near to the walls of the 
punches and dies. From the load-forming time relationship (Fig. 2d), it is noted that the 
load applied to the dies increases steadily as the top punch moves forward. As expected, 
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approaching the end of the operation this load becomes almost constant. In this stage, the 
maximum punch load is estimated to be 50 metric tons, which can be identified as the 
minimum value of the current four-stage process. On the other hand, the maximum load on 
the top punch and the bottom die during the second calibration is 142 and 155 metric tons, 
respectively (Fig. 2b). During the third stage (the second calibration operation) the top 
punch doesn’t contact the workpiece, and therefore the maximum load revealed is zero 
(Fig. 2c). Moreover, due to the lower forging loads reached by the other tools in this third 
forging stage, the elimination of this operation is suggested. This gives a shorter 
development lead time, lower cost production, savings in tool material costs, and the 
development of a higher precision part. 
 
    
(a) (b) (c) (d) 
 
Fig. 2. Load - forging time curves of tools for the four-operation process: a) preforming; 
b) first and c) second calibration; d) double deep backward extrusion. 
 
4. DEFECTS EVALUATION 
 
During the preforming operation, the billet deforms asymmetrically and underfilling 
occurs. Underfilling problems are limited by the use of multiple forming stages. Fig. 3 
shows the reduction of the underfilling areas (in blue) at the die corners obtained by the FE 
analysis, which is consistent with the experimental observation.  
 
 
(a) (b) 
 
Fig. 3. Comparison between (a) analytical and (b) experimental evaluation of underfilling 
on stage 4 at final forming stroke. All front views are reported. 
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By using FEM simulation, it was found that defects occur in each stage of the forming 
sequence. The numerical results coming from each forging stage are validated by means of 
experimental observations. In particular, during the second-stage operation (calibration), a 
great amount of material flows to fill the area between the top punch and die, due to an 
excessive top punch stroke (Fig. 4). 
 
   
a) b) 
 
Fig. 4. Defects evaluation on stage 2 at the end of the forging stroke with (a) simulated FE 
model of the workpiece and (b) photograph of real part. 
 
5. BENEFITS OF FE METHOD 
 
In the “forming” process chain, the simulation of the forming process offers substantial 
opportunities for improvement: for example optimizing the component and tools may 
provide opportunities to enhance process reliability. The numerical simulation carried out 
by using Transvalor Forge software could be extended in various directions in order to 
accommodate such new requirements. In metal forming, as mentioned above, process 
simulation is used to predict metal flow, strain, temperature distribution, stresses, tool 
forces, and potential sources of defects and failures. In some cases, it is even possible to 
predict product microstructure and properties as well as elastic recovery and residual 
stresses. The main reasons for simulation are reducing time-to-market, reducing tool 
development costs, predicting the influence of process parameters, reducing production 
cost, increasing product quality, improving the understanding of material behavior, and 
reducing material waste. These things are achieved by accurately predicting the material 
flow, determining the filling of the die, accurately assessing net shape, predicting if folds 
or other defects exist, determining the stresses, temperatures, and residual stresses in the 
workpiece, and determining the optimal shape of the preform. Also, as simulation allows 
us to capture behavior that cannot be readily measured, it provides deeper insights into the 
manufacturing process. There are several principal steps involved in integrated product and 
process design for metal forming. The geometry (shape, size, surface finishes, and 
tolerances) and the material are selected for a part depending on the functional 
requirements. The design activity represents only a small proportion (5 to 15 percent) of 
the total production costs of a part. However, decisions made at the design stage determine 
the overall manufacturing, maintenance and support costs associated with the specific 
product. Once the part is designed for a specific process, the steps outlined in Table 2, lead 
to a rational process design. 
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Applying the FE method in this complex cold forging process of a heat pipe fitting 
involves: 
- The conversion of the assembly-ready part geometry into a formable geometry; 
- The preliminary design of tools/dies necessary to perform the operations used for 
forming the parts; 
- The analysis and optimization of each forming operation and associated tool 
design, to reduce process development time and trial-and-error; 
- Manufacturing of tools and dies by CNC milling, or by EDM or another similar 
technology. 
Ascertaining process-specific factors in production engineering by means of process 
simulation promotes efficient manufacturing of products of specified properties. Three 
objectives are emphasized: 
- Review of the feasibility of an existing concept for manufacturing of a product; 
- Assessment of product characteristic; 
- Enhanced understanding as to what really occurs in a process, for the purpose of 
optimizing the manufacturing technique. To achieve these goals, however, it only 
makes sense to use process simulation if this is more economical in the long run 
than experimental repetition of the actual process. Focusing on a new product 
development chain of a company’s multi-stage cold-forged component (Table 2), 
the actual time-to-market revealed is more than four months. Moreover, due to the 
company’s costly trial-and-error method, this time-to-market can increase 
exponentially (see red lines arrows on Table 2).  
 
 
Operation time           
[man-hours] 
1) Project planning and analysis 
 
 
80 
 
 
2) CAD design of tools 
 
120 
 
 
3) Evaluation of uncertain parameters 
 
 
240 
 
 
4) Trial tools production 
 
 
800 
 
 
5) Real trial-and-error on press machine 
 
 
40 
 
 
6) Final set-up on press machine 
 
 
8 
 
 
7) Production 8 
 
 
 
 
Tab. 2.  New product development of a multistage cold forged component using traditional 
method (five-stage forging process). 
 
Time-to-market > 4 months 
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Using the FE method, the company’s estimated time-to-market expected is less than four 
months (Table 3). In this case the traditional time-consuming and costly trial-and-error 
method has been replaced with a simulation-based approach using Transvalor 
FORGE2011
®
-3D, which now can address the whole manufacturing process. 
The two approaches may seem similar if we look at the use of CAD/CAE design of tools 
instead of real trial-and-error on the press machine, but it’s important to highlight that 
normally this trial-and-error step is the most time- and cost-consuming part of the 
traditional method of designing a new component. The number of “red” iterations needed 
to arrive at a good process can be very high if unexpected problems occur, and this can 
have a great impact on the total time-to-market. As more simulation skill is developed in 
the organization, the difference between the traditional approach and the FEM approach 
increases. This looks not only at man hours, but also more deeply at other aspects of the 
cost of a new component. 
Completely removing the trial-and-error iterations saves the costs of trial tool production, 
so the time to recover the entire software and training investment decreases dramatically to 
some months (less than one year), depending on how widely this approach is adopted. 
Moreover, it is important to notice that one hours’ loss of production, due to a traditional 
time-consuming trial-and-error step, costs about €180.00-230.00 (est. $230.00-$290.00). 
For this reason, Zoppelletto S.p.A. has decided to break with the traditional method of new 
product development and has committed to using Transvalor FORGE2011
®
-3D software 
to support its development process. 
 
 
Operation time 
[man-hours] 
1) Project planning and analysis 
 
80 
 
 
2) CAD design of tools 
 
 
160 
 
 
3) Evaluation of uncertain parameters 
 
 
240 
 
 
4) Tools production 
 
 
800 
 
 
5) Final set-up on press machine 
 
 
8 
 
 
6) Production 8 
 
 
 
 
Tab. 3. New product development of a multistage cold forged component using finite 
element method (five-stage forging process). 
 
 
 
 
 
Time-to-market ≤ 4 months 
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6. CONCLUSIONS 
 
Using finite-element methods as tools results in cost reduction, time savings, and 
improvements in product quality for Zoppelletto S.p.A.. The design of the deformation 
sequence and forging tools can be modeled before, and also during, production. This 
allows the engineer to identify process deficiencies easily, leading to cost and time savings. 
Such modeling efforts can be very valuable in identifying inhomogeneous deformations, 
such as folds that could not easily be detected through regular visual inspection. Moreover, 
based on industrial experience, this approach is estimated to reduce the time required to set 
up new forging cycles by about 40%. 
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ABSTRACT 
 
The environment concerning the recent forging industry has been changed rapidly. 
Decreasing experienced designer and declining the technical quality of process designer 
have been important issue recently. Moreover, the customer's needs have been more 
difficult to be satisfied with. Making higher quality product within shorter development 
time and lower cost is the lowest level that must be cleared. The designers should be in 
correspondence with such needs by considering new materials and advanced processes as 
soon as possible. The importance of Computer Aided Engineering (CAE) in the forging 
process design has been raised remarkably to overcome the difficulties in the recent design 
environment. 
In this work, a 3D rigid-plastic FE model of an industrial single-stage cold forging process 
for the production of a low-carbon component has been carried out by using FORGE2011
®
 
numerical code. The approach adopted is considered useful for calibrating the forging 
cycle applied to different stainless steel grades. The conventional process to form an AISI 
1005 hex-head plug fitting used in thermo-hydraulic applications is investigated and the 
variations of process parameters for forging an AISI 304L and Duplex 2205 stainless steel 
are picked out. 
Metallographic investigations have been carried out by using an optical microscope (OM) 
and a Field-Emission Gun Environmental Scanning Electron Microscope (FEG-ESEM) 
equipped with an Electron Back-Scattered Diffraction (EBSD) technique in order to 
investigate the microstructural evolution on steels before and after deformation. 
Simulation and experimental results obtained provide a basis for the new product 
development of a stainless steel component. 
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1. INTRODUCTION 
 
Dealing with highly competitive markets is a constant battle. Being successful as a supplier 
often depends on the cost of production, delivered quality, time-to-market and sometimes 
also on product and/or process innovation. In this context, the challenge lies in the design 
phase and its crucial role in evaluating possible product and process solutions before the 
equipment and parameters are defined.  
In the last years, the environment concerning the forging industry has been changed rapidly 
[1]. Forging is one of the most economical and efficient methods for fabricating complex 
metal components. 
In the last decades, near-net-shape or net-shape manufacturing is become a trend in metal 
forming, especially in cold forging, resulting in savings in material and energy [2]. In this 
process, billets are usually deformed to large strains using high compression loads, 
generally applied by single- or multi-stage hydraulic or knuckle-joint press, and following 
one or more subsequent deformation cycles [3]. The resulting components have refined 
grain structure and improved mechanical properties, such as strength [4-6]. 
However cold forging is governed by many factors, such as friction at the tool-workpiece 
interface, part geometry and tools shape. Hence, this process has a high tendency to form 
defects and thus it is essential to detect and prevent them during the production process. In 
the past, many researchers have discussed about types and formation mechanisms of 
forging defects [7-15]. 
To avoid this, the selection of appropriate process parameters and the proper design of the 
forging tools becomes crucial. 
In recent years, computer-aided simulation techniques in metal forming have proved to be 
a powerful tool to predict and analyze the material deformation during a forging operation. 
Metal forming processes represent an interest field of application for recent CAE 
(Computer Aided Analysis) techniques for the theoretical complexity of the processes and 
the influence of various parameters. In practice, cold forging requires several preforming 
operations to transform an initial simple billet into a final complex product without defects. 
The design of a forging-process sequence involves the determination of the number of 
preforms, and the determination of the shapes and preform dimensions. Traditionally, 
forging-sequence is carried out using mainly empirical guidelines, experience and trial-
and-error, which results in a long cost of the products. A FEM (Finite Element Method) 
approach is therefore the best suited to study the cold forging process in detail [16-18]. 
Aim of the work is to analyze the conventional cold forging process of a low-carbon 
component. The forged part examined is an hex-head plug fitting used in thermo-hydraulic 
applications. Using FEM method, the re-design of the conventional single-stage cold 
forging process to form stainless steel components (i.e. AISI 304L and Duplex 2205) is 
carried out. It has been also considered the variation of process parameters applied on the 
optimized forging operation utilize to produce stainless steel parts, by using a virtual 
optimization approach. 
The project is aimed to control the material flow, the loads and stresses exerted on tools 
and to prevent the formation of defects during the forging process. The stainless steel 
forged components obtained slightly meet the drawing tolerances established by the 
company for the AISI 1005 part, ensuring the development of a new components with 
better mechanical properties. 
Finally, metallographic investigations are carried out by using an optical microscope (OM) 
and a Field-Emission Gun Environmental Scanning Electron Microscope (FEG-ESEM) 
equipped with an Electron Back-Scattered Diffraction (EBSD) technique in order to 
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evaluate and compare the microstructural evolution on steels before and after deformation, 
focusing attention on certain deformed areas of the component.  
 
2. THE CONVENTIONAL COLD FORGING PROCESS 
 
The forged component analyzed is an hex-head plug fitting used in the thermo-hydraulic 
applications, which CAD geometry is shown in Fig. 1. It is traditionally an AISI 1005 low-
carbon steel component (Wr. N. 1.0303). 
 
 
 
  
Lateral view Front view 
 
 
Fig. 1. a) AISI 1005 hex-head plug fitting and b) front and top views. All dimension are in 
mm. 
 
Thanks to its excellent cold formability and plastic properties, this type of steel is widely 
used, from several decades, for the production of small components and quite complex 
geometries by using single- or multi-stage forging processes. Fig. 2 shows the traditional 
single-stage cold forging process analyzed. 
 
 
 
 
Fig. 2. Forming process of the single-stage forged plug fitting. 
 
The industrial process analyzed is one-stage forging operation, which consists of two 
phases: a first compression to create the hex-head of the plug fitting (named "A-phase") 
and a second deep backward extrusion operation to form the "neck" of the plug fitting 
(named "B-phase"). The cylindrical AISI 1005 steel billet (22 mm diameter, 18 mm height 
and 51 g weight) was coated using a single layer coating, in order to reduce friction at die-
workpiece interface. The forging stage is obtained by the action of a single-station 
a) b) 
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mechanical knuckle-joint press, which has a nominal power of 250 tons, a forging-stroke 
of 400 mm and a velocity of 50 spm. 
During the initial deformation step (Step A in Fig. 2), the billet is initially compressed 
between the two punches (top punch and and bottom punch respectively) under the action 
of the mechanical press. In this way, the material fills the top die shape, creating the hex-
head of the plug. 
Bottom punch is fixed during the forming cycle. Top punch and die is driven by press 
kinematism. Moreover bottom die is floating and driven by the contact forces exerted 
during the whole process. The phase B (Fig. 2) begins when the top die comes into contact 
with the bottom one. In this case the billet, partially deformed, is backward extruded 
leading to the formation of the "neck" of the plug. This operation is made possible, because 
bottom die is floating and driven by the contact forces exerted during the whole process. 
Moreover the formation of the hex-head of the plug, already started in phase A, is 
completed in phase B. 
 
3. STUDY OF THE CONVENTIONAL FORGING PROCESS BY 
USING FEM METHOD 
 
The analysis of the conventional process, carried out on the AISI 1005 cold forged 
component and later extended to the AISI 304L (Wr. N. 1.4307) and Duplex 2205 (Wr. N. 
1.4462) stainless steel, was performed by means of FORGE2011
®
-3D software. The 
numerical code allowed to define process parameters and then was able to predict their 
influences on the process itself. The chemical composition and supply condition of the 
alloys analyzed are listed in Table 1 and 2.  
Computer-aided simulation analysis was used to model the traditional single-stage forging 
process, starting from a cylindrical billet (i.e. 22 mm diameter, 18 mm height and 51 g 
weight). In FEM code was then predicted the material flow, the loads and stresses exerted 
on tools during forging. 
 
 
Steel C Si Mn Cr Mo Ni Cu Co N Others Fe 
AISI 1005 0.05 0.07 0.30 0.11 0.02 0.13 0.17 0.01 0.01 <0.07 Bal. 
AISI 304L 0.02 0.35 1.32 18.66 0.40 8.11 0.49 0.12 0.09 <0.06 Bal. 
Duplex 2205 0.02 0.52 1.28 22.30 3.13 5.68 0.19 0.07 0.18 <0.05 Bal. 
 
Tab. 1. Chemical compositions of the materials analyzed (wt.%). 
 
 
Steel 
Type of 
product 
Diameter 
[mm] 
Heat Treatment 
AISI 1005 Round bar 22 - 
AISI 304L Round bar 22 Solubilization at 1150 °C + water-quenched 
Duplex 2205 Round bar 22 Solubilization at 1050 °C + water-quenched 
 
Tab. 2. As-received conditions of the materials analyzed. 
 
The forging process analyzed is considered complex to be modeled, due to the "floating-
die" kinematic and non-linearity of the contact conditions to be implemented on the 
numerical code. Due to these problems and for the sake of decreasing computer CPU time, 
forging tools are assumed to be rigid body with an infinite elasticity modulus and a 
constant temperature of 20 °C. The initial billet is discretized with tetra elements with four 
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nodes into 167235 elements and 29942 nodes; these numbers are sufficient to ensure 
accuracy and convergence [19].  
 
3.1. Material 
 
The numerical simulation of a forging process consists primarily of thermo-mechanical 
analysis of the plastic deformation. To obtain results with a high degree of confidence, the 
simulation calculation must be based on real accurate data. 
The most important data used in FE computations is the material rheology [20,21]. The 
material model for the current work was developed through tensile tests and data was used 
to produce the material flow curve. 
For this purpose, a series of round tensile specimens were drawn from the steel bars, at the 
as-received conditions reported in Table 2. Tensile tests were performed with a MTS 810 
hydraulic materials testing machine, 250 kN in capacity, with a crosshead speed of 2 
mm/min.  
The experimental data obtained from the tests were used to derive the true stress and strain 
curves (σtrue-ԑtrue) for the different steels considered. In literature, there are several 
constitutive equations that describe the material flow behavior. Hansell-Spittel’s law is 
used in the numerical model of this work [22,23] (Eq. (1)): 
 
      
                                                                                 
 
where A, m1, m2, m3, m4, m5, m7, m8, m9 are the regression coefficients. 
The determined regression coefficients are given in Table 3. As only room temperature 
testing was considered the temperature related terms were ignored. These coefficients 
derived from Eq. (1) using the strain values from the experimental data. This was achieved 
through a number of iterations using FEM code. 
 
 
 
Regression coefficients 
 
A m1 m2 m3 m4 m5 m7 m8 m9 
AISI 
1005 
863.63114 -0.00138 0.30842 0.02031 -0.01149 0 0 0 0 
AISI 
304L 
1551.20326 -0.00148 0.71957 0.01014 0.00372 0 0 0 0 
Duplex 
2205 
1600.10251 -0.00103 0.98337 0.00302 0.00001 0 0 0 0 
 
Tab. 3. Estimated regression coefficients of Hansell-Spittel's law. 
 
Fig. 3 shows the average σtrue-ԑtrue curves obtained for each material analyzed. They were 
derived from the engineering stress and engineering strain measurements, and were 
calculated using the following formulas (Eq. (2,3)): 
 
                                                                                                                                           
 
                                                                                                                                      
 
where l is the elongation, computed as (L-L0)/L0, with L and L0 being current and initial 
gauge lengths respectively. 
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The experimental and the numerical flow curves for each material tested are shown in Fig. 
3. As can be seen, the difference between the curves is less than ±6% and ±7% for AISI 
304L and Duplex 2205 stainless steel respectively, whereas it is lower by about ±3% for 
AISI 1005 material grade. This suggest that there is a good correlation between the model 
and measurements. 
 
   
 
 
Fig. 3. Experimental (i.e. average engineering σ-ε curves) and calculated (i.e. Hansell-
Spittel's law) flow curves for the materials tested. 
 
In order to ensure the repeatability and accuracy of the results obtained, also the average 
values of the mechanical parameters, such as the yield strength (YS0,2%), the tension 
strength (UTS) and the Young's modulus (E) were considered (Table 4). The mechanical 
properties, reported in Table 4, associated with the constitutive equations determined for 
each steel considered, were subsequently implemented as input data into the FEM model of 
the process, for the definition of the rheological behavior of the material. 
 
 
Mechanical parameters 
 
YS0,2% (MPa) UTS (MPa) E (GPa) 
AISI 1005 260 (0.3) 366 (1.8) 212 (0.4) 
AISI 304L 443 (0.5) 641 (0.2)  188 (0.3) 
Duplex 2205 761 (1.1) 808 (0.9) 186 (0.1) 
 
Tab. 4. Average YS0,2%, UTS and E for the different steels analyzed (standard deviations in 
parentheses). 
 
3.2. Friction conditions 
 
It is well known that friction conditions prevailing at the tool-workpiece interface have a 
deep effect on material deformation, forming load, surface finish, internal structure of the 
component, as well as die wear characteristics in metal forming processes [24,25]. 
To avoid the appearance of excessive friction, it is indispensable to use lubricants with 
efficient intrinsic low-friction properties in cold forming. 
Before forging tests, the billets were coated using a single layer coating, in order to reduce 
friction at tool-workpiece interface. After sandblasting and hot water rising, the billets 
were dipped in an aqueous bath containing 70% of Bonderlube FL 744 lubricant and 
subsequently dried in a muffle furnace. The cleaning operations were designed to remove 
fine scale and grease from the billet surface. The sandblasting even provided a porous 
structure on it that is beneficial for entrapment of liquid lubricant.  
The Bonderlube FL 744 lubricant was a water-based compound, which generic chemical 
composition were: sodium nitrite 0.1-1%, dipotassium tetraborate tetrahydrate 5-10% and 
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water 89-94.9%. The sandblasting operation consisted of a mechanical-centrifugal process, 
where in a specific blasting the piece was hit by jets of abrasive material obtained through 
the use of centrifugal turbines. 
 
In addition, it is essential to evaluate a friction condition as close as possible to those that 
occur at the tool-workpiece, in order to accurately predict the material flow during 
deformation. 
In literature, there are two friction laws which are widely applied to calculate the tangential 
stress between specimen and tool in metal forming processes. In commercial FEM 
packages (e.g. FORGE2011
®
-3D), Amontons-Coulomb and constant friction models are 
normally applied. 
The Coulomb law, uses a friction coefficient μ to quantify the interface friction, and is 
expressed as follows (Eq. (4)): 
 
                                                                                                                                                      
 
where τ is the friction stress and p is the normal pressure. This law is valid for forming 
process with either low contact pressure or low friction stress. The Coulomb expression 
does not limit the shear stress. Because the friction stress cannot exceed the shear strength 
of the material, the shear friction law (constant friction or Tresca law) is developed as (Eq. 
(5)): 
 
    
 
  
                                                                                                                                              
 
where m is the friction factor and    is the flow stress of the deformed material. 
 
In this paper, these two friction laws were used in order to obtain the friction coefficient μ 
and factor m, in an according manner with the real industrial process. 
To make this possible, a series of T-shape compression tests at room temperature coupled 
with FEM simulations of the test were performed, in order to evaluate friction conditions at 
tool-workpiece interface for each material subject to forging tests. 
Unlike other experimental tests reported in literature [26-31], the test consists on the 
compression of cylindrical specimens into a V-groove shape die (Fig. 4). The steel 
specimens 6.85 mm diameter and 7 mm long, were used for performing the T-shape 
compression tests. They were machined directly from drawn bar at as-received conditions 
previously reported. For each steel considered, three specimens were tested and 
mechanical parameters were obtained from the average of three experimental tests. The 
loading speed of testing was 0.03 mm/s and the maximum stroke was 4.5 mm. 
 
  
 
 
Fig. 4. The principle of T-shape compression test performed for the three types of steel 
analyzed. 
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From experimental tests, the load curves along z-axis were obtained. The values of the 
friction coefficient μ and factor m were then obtained by using FE model of T-shape 
compression test and the inverse FE analysis. In order to estimate the values of the friction 
coefficient μ and factor m, the experimental and simulated load curves are plotted in Fig. 5. 
It shows that the simulated and experimental results are in good agreement. In addition, it 
means that the T-shape compression test is a good method for determination of friction 
condition. 
For sake of simplicity, Fig. 5 shows the comparison between experimental and simulated 
load curves for Duplex 2205 steel. Table 5 reports the friction coefficient μ and factor m 
for the steels considered. A good correlation between the experimental and numerical data 
is observed (Fig. 5b). 
 
  
 
 
Fig. 5. a) Effective strain distribution on the cross section of Duplex 2205 specimen and b) 
comparison between the average experimental and simulated load curves. 
  
 
Friction conditions 
 
µ m 
AISI 1005 0.11 0.83 
AISI 304L 0.03 0.86 
Duplex 2205 0.05 0.91 
 
Tab. 5. Estimated values of friction factor m and friction coefficient μ. 
 
3.3. Results and discussion 
 
The results obtained from the FE model for the conventional forging process of AISI 1005 
steel were subsequently compared with the real forged component, validating the process 
parameters selected. The final shape of the simulated and experimental part seems to be 
identical. Analyzing the FE results obtained for stainless steel parts (Fig. 6), there were 
underfilling areas at the hex-head of the plug fitting and an height H of 9.1 and 8.8 mm 
was reached for AISI 304L and Duplex 2205 stainless steel respectively. These values 
were lower than the drawing tolerances established by the company (i.e. 10 ± 0.5 mm). 
 
b) 
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Fig. 6. Underfilling red areas on virtual conventional cold forged parts. 
 
4. OPTIMIZATION OF THE CONVENTIONAL COLD FORGING 
PROCESS BY USING FEM METHOD 
 
The analysis of the forging process continued, in the attempt to eliminate or reduce the 
underfilling areas at the hex-head of stainless steel plugs and form forged components that 
strictly meet the drawing tolerances established by the company. The variations of process 
parameters are shown in Table 6. 
 
Initial billet mass  Kinematic 
 Conventional process Optimized process Optimized process 
Diameter: 22 mm 
Weigth: 0,051 kg 
Diameter: 22 mm 
Weigth: 0,055 kg 
 
Bottom die 1 mm-
displacement along 
negative z axis 
 
Tab. 6. Variations of process parameters for cold forging conventional cycle. 
 
Other process parameters, such as the material rheology and the friction conditions at the 
tool-workpiece interface, have not changed in this optimization phase and have been 
implemented within FE code using the same procedure adopted in the traditional cold 
forging cycle. 
 
4.1. Results and discussion 
 
By analyzing FE results obtained on the optimized process of the AISI 304L and Duplex 
2205 forged components, a reduction of the underfilling red area at the flange of the plug 
fitting on both materials analyzed is observed (Fig. 7). 
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Fig. 7. Underfilling red areas on virtual optimized cold forged parts. 
 
This material flow imperfection does not affect the functionality of the component, which 
maintained the established drawing tolerance (i.e. 31 mm). A slight underfilling at the hex-
head (i.e. less than 0.2 mm on the top die) was detected on Duplex 2205 plug fitting. 
Finally, looking at the "neck" of the part, the height H reached by the FE optimized 
component was 9.7 and 9.5 mm for AISI 304L and Duplex 2205 steel plug fitting 
respectively. These drawing quotes were slightly greater than the tolerances established in 
the design phase (i.e. 10 ± 0.5 mm). In both processes, the actual forging time calculated 
using FEM analysis was 0.18 s, in good agreement with the measurements performed on 
the industrial conventional and optimized forging cycle. 
Fig. 8 shows the load-forming time relationship exerted on dies for each steel considered 
during both forging processes. By analyzing the conventional forging cycle (Fig. 8a), it can 
be seen that the maximum forces detected are 50 tons on each steel considered, which is 
less than the limit of the available press capacity of 250 tons. Due to higher forging loads 
require in forging of stainless steels, the maximum values of force detected in these latter 
are slightly higher than in the low-carbon steel. In the optimized cold forging process of 
these steels, the maximum force detected reaches values lower than 50 tons in both 
stainless steels, ensuring an energy saving as compared to the conventional process. 
In Fig. 8a is observed that the phase of formation of the hex-head of the plug ends at the 
peak force at 0.11 s revealed for both the dies. 
Due to the variations of process parameters on the optimized process, the top die comes 
into contact with the lower one with a certain delay. Consequently, the forging phase A has 
a longer duration on the optimized process compared to the conventional cycle; This is 
confirmed by the value of force detects at 0.14 s as compared to 0.11 s of the conventional 
process. 
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Top and bottom die 
   
a) b) c) 
 
 
Fig. 8. a) Loads exerted during the conventional process on top and on bottom die for the 
tested steels and b-c) comparison between the forces exerted on dies during the 
conventional (i.e. top die - Sup. and bottom die - Inf.) and optimized cycle (i.e. top die - 
Sup. with variation and bottom die - Inf. with variation) for AISI 304L and Duplex 2205 
steel respectively. 
 
Fig. 9 shows the load-forming time relationship exerted on punches during both forging 
processes for each steel considered. 
In this case, by analyzing the conventional forging cycle (Fig. 9a), it can be seen that the 
maximum forces revealed on punches are higher as compared to the loads exerted on dies 
(Fig. 8a). In fact they are of 125 tons and 75 tons on forging of stainless and low-carbon 
steel components respectively. 
This can be related to the fact that, having a smaller contact area with the workpiece as 
compared to the dies, higher states of stress are concentrated further in terms of 
compression stress along z-axis. 
Moreover, punches are most stressed during the cold forging of AISI 304L and Duplex 
2205 parts (Fig. 9a), as a consequence of the higher mechanical properties of such 
materials as compared to AISI 1005 steel (Table 4). 
In Fig. 9 it may be observed that the limit of the available press capacity of 250 tons is not 
exceeded and the maximum loads exerted on punches are lower in the optimized than 
conventional forging cycle (Fig. 9b-c). 
The optimized process records a decrease of the press load as compared to conventional 
one, leading to energetic, economic and ecological benefits. 
In Fig. 9 it is detected a peak of load on top punch, which corresponds to the last step of 
formation of the hex-head of the plug, for all steel grades and forging processes analyzed. 
This is due to the fact that stresses are more concentrated on this tool, which pushes the 
material to fill the gaps between deformed part and top die during the last stage of the 
process. In this case it is detected a greater durability of this phase on the optimized 
forging process (Fig. 9b-c), due to the variations of process parameters previously applied, 
with the maximum peak force identified at 0.14 s as compared to 0.11 s of the conventional 
cycle. 
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Top and bottom punch 
   
a) b) c) 
 
 
Fig. 9. a) Loads exerted during the conventional process on top and on bottom punch for 
the tested steels and b-c) comparison between the forces exerted on punches during the 
conventional (i.e. top die - Sup. and bottom die - Inf.) and optimized cycle (i.e. top die - 
Sup. with variation and bottom die - Inf. with variation) for AISI 304L and Duplex 2205 
steel respectively. 
 
5. EXPERIMENTAL INVESTIGATIONS 
 
AISI 1005 forged components, produced by means of the conventional forging process, 
and stainless steel plugs obtained through the optimized process were then macro- and 
microstructurally investigated, in the attempt to verify the presence of surface or internal 
defects and characterize the microstructure. 
The hex-head plug fittings were therefore checked through visual inspection by using a 
vernier calliper (i.e. approximation degree of 0.02 mm). 
For a detailed understanding of the effects caused by the optimized cold forging process, 
metallographic longitudinal sections parallel to the rolling direction (RD) and the 
compression z-axis were then drawn from the as-received and forged samples, as indicated 
in Fig. 10. 
 
  
a) b) 
 
Fig. 10. a) Top view of the hex-head plug fitting CAD geometry and b) side view showing 
the investigated zone. 
 
Microstructural analysis was carried out using an optical microscope (OM) and a Field-
Emission Gun Environmental Scanning Electron Microscope (FEG-ESEM, model 
QUANTA 250 FEI
©
), operated at an accelerated voltage of 20 kV and equipped with an 
Electron Back-Scattered Diffraction (EBSD) analyser incorporating an orientation imaging 
microscopy (OIM) system (EDAX TSL software, version 5) for crystal orientation 
mapping. The OIM images were then subjected to clean-up procedures, setting a minimal 
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confident index of 0.1, in order to compare size and crystal grains orientation before and 
after deformation on each steel considered. 
 
5.1. Results and discussion 
 
5.1.1. Underfilling defects evaluation  
 
The presence of surface cracks or flashes were not detected on the 150 components 
analyzed (i.e. fifty for each steel grade). The visual inspection techniques, by means of a 
vernier calliper, allowed to verify full compliance with the drawing tolerances established 
during the design phase of the AISI 1005 plug fitting and reported in Fig. 1.  
For stainless steel components, an underfilling area was detected at the flange of the parts, 
as shown from numerical results. In 100 forged parts checked, the average diameter of the 
plug fitting's flange was 28.8 mm and strictly met the drawing tolerance established by the 
company (Fig. 1). 
 
5.1.2. Microstructural characterization 
 
Microstructural analyses were carried out on a series of hex-head plug fittings for each 
steel grade and allowed to identify the flow lines of the materials examined (see the real 
sections in Fig. 11). For optical investigations, AISI 1005 samples were etched with 4% 
HNO3 in ethanolic solution; AISI 304L with a reagent for electrolytic etching (i.e. a 
mixture of 60% HNO3 and 40% distilled water) and Duplex 2205 specimens with Beraha 
etching solution (i.e. 10 ml HCl, 40 ml distilled water, 1 g K2S2O5).  
The optical observations highlighted the total absence of internal micro-cracks and the 
highly deformed areas; the latter were also detected by the simulated equivalent strain 
maps (Fig. 11). 
 
 
 
  
 
 
Fig. 11. Flow lines (real section) and effective strain maps (virtual section) revealed on a) 
AISI 1005, b) AISI 304L and c) Duplex 2205 samples.  
 
For a complete microstructural characterization of forged components, the Zone A of each 
sample was investigated (Fig. 11). This area is subject to more stresses in operating 
conditions and presents medium-high values of strain. The EBSD technique was used to 
a) 
c) b) 
Real section Virtual section 
A 
A 
A 
TD 
 RD 
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compare undeformed zones (i.e. steels in the "as-received" conditions) and deformed 
zones, in order to analyze crystal orientation and grain size evolution during the transition 
between pre and post-deformation. 
Considering the rolling direction (RD) of the samples coincident with the direction of the 
press-load, the EBSD maps were carried out by selecting a suitable scanning area along the 
RD-TD plane (Fig. 11). The selected area was 100 x 150 μm2 for Duplex 2205 and 200 x 
300 μm2 for AISI 1005 and 304L grade. 
For the correct data analysis, the OIM images were then subjected to clean-up procedures, 
setting a minimal confident index (CI) of 0.1 for a correct data analysis [32]. 
It is well known that AISI 1005 reveals a predominantly ferritic microstructure (i.e.          
α-phase), whereas AISI 304L has an austenitic structure (γ-phase). Moreover Duplex 2205 
presents a dual-phase structure with a very good balance between ferrite and austenite. 
Fig. 12 shows the EBSD images of the constituent phases of each steel at the "as-received" 
state. The estimated average grain sizes are shown in Table 7. 
 
AISI 1005 AISI 304L Dup. 2205 (γ-phase) Dup. 2205 (α-phase) 
    
a) b) c) d) 
 
 
Fig. 12. EBSD images of steels at as-received state: a) α-phase of AISI 1005, b) γ-phase of 
AISI 304L, and c) γ-phase and d) α-phase of Duplex 2205.  
 
  Phase 
Ferrite Austenite 
AISI 1005 22 (8) - 
AISI 304L - 40 (9) 
Duplex 2205 9 (4) 6 (3) 
 
Tab. 7. Average grain sizes (μm) revealed on each steel at as-received state (standard 
deviation in parentheses). 
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Fig. 13 shows EBSD analyses carried out on AISI 1005 samples at "as-received" and 
deformed state.  
 
    
a) b) c) d) 
 
 
Fig. 13. Electron backscatter diffraction (EBSD) analysis of AISI 1005 steel: orientation 
imaging microscopy micrographs of α-phase at a) as-received and c) deformed state and 
inverse pole figures of α-phase at b) as-received and d) deformed state. 
 
Fig. 13 shows the samples at as-received and deformed state (i.e. the zone A shown in Fig. 
11), bringing their crystallographic orientation (OIM) maps and texture evolution during 
the transition between pre- and post-deformation (Fig. 13b-d). 
On the deformed sample, the formation of a great amount of subgrains boundaries and 
grains, due to the cold forging process, increases the hardness in the affected zone. This is 
also due to the low-angle grain boundaries (i.e. Low Angle Boundaries, LABs) detected on 
the area.  
A comparison of the inverse pole figures, which are given in Fig. 13b and d, reflect the 
calculated texture and the distribution of crystallographic planes and directions. 
The texture shows a faint maxima (red color - maximum intensity = 2.0) in all directions of 
observation ([010], [100], [001]) in the undeformed state, with a maximum of intensity in 
[010] direction on the 111 pole. Due to the forging process, the texture changes 
significantly in Fig. 13d. Whereas the as-received material shows a random distribution of 
the crystal orientations, a strong maximum of intensity of 4.4 has been observed in [100] 
direction on the pole 001 and 111 in deformed state (Fig. 13d). 
The change of the grain orientations strongly relates to the increase of low (LABs) and 
high (HABs) angle grain boundaries, which leads to a formation of a fine grained 
microstructure. An increase of the misorientations and further a decrease of the mean value 
of the confidence index (CI) from 0.4 (undeformed) to 0.2 (deformed) also points out grain 
refinement, which leads to higher hardness and toughness [33-36]. 
EBSD analysis continued on AISI 304L steel and OIM maps are shown in Fig. 14. 
In this case, the texture on sample at as-received state presents a faint maxima in all 
directions of observation, with grains that tend to be orientated toward the direction [100] 
on the 111 pole (Fig. 14b). Moreover OIM images point out a strong change of the 
crystallographic orientations due to the deformation. 
The most significant changes in the texture have been identified in the [100] orientation, 
where the intensity increases from ~2.5 on the 111 pole (i.e. undeformed condition) to ~4.9 
on the poles 011/101 (Fig. 14d). 
 IPF [100]  IPF [100] 
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Furthermore, it is noted a strong grain refinement with grain size values comprise between 
2 and 20 μm. 
 
    
a) b) c) d) 
 
 
Fig. 14. Electron backscatter diffraction (EBSD) analysis of AISI 304L steel: orientation 
imaging microscopy micrographs of γ-phase at a) as-received and c) deformed state and 
inverse pole figures of γ-phase at b) as-received and d) deformed state.   
 
Finally, the behaviour of ferrite and austenite during plastic deformation of Duplex 2205 
samples were analyzed (Fig. 15). 
By comparing the as-received Duplex 2205 and AISI 304L sample, it can be seen that 
austenite on Duplex 2205 exhibits a more or less random distribution of grain orientations. 
The texture shows a slight maxima (red color - maximum intensity = 1.9) in [100] 
direction on the 001 pole as compared to the maximum intensity of ~2.5 that occurs on the 
111 pole in the same direction of observation for AISI 304L sample. 
On the other hand, deformed γ-grains point out a preferential orientation in [100] direction 
on the poles 011 and 101; this confirms the considerations made for 304L steel grade. 
The α-phase on Duplex 2205 shows a strong maximum of intensity (i.e. ~7.5) in all 
direction of observation on the 001 pole at the as-received state. On the contrary, in case of 
the ferritic AISI 1005 steel, the investigations highlighted a more or less random 
distribution of grain orientations in all directions of observation.    
On forged Duplex 2205 specimen, the α-phase confirms the crystallographic orientation 
found on deformed low-carbon sample, with higher intensities achieved on [100] direction 
on 001 and 111 poles.  
The grain refinement phenomenon on both phases is less evident than on the other steel 
grades analyzed. The average values of the grain size detected on the deformed zone are 
included between 2 and 5 μm, starting from 6 μm for the γ-phase and 9 μm for the α-phase 
found on sample at the as-received state. 
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Fig. 15. Electron backscatter diffraction (EBSD) analysis of Duplex 2205 steel: orientation 
imaging microscopy micrographs of a) γ-phase and c) α-phase at as-received state and of 
b) γ-phase and d) α-phase at deformed state and inverse pole figures of e) γ-phase and g) 
α-phase at as-received state and of f) γ-phase and h) α-phase at deformed state.   
 
6. CONCLUSIONS 
 
The design of a conventional cold forging process to form an AISI 1005 hex-head plug 
fitting used in thermo-hydraulic applications has been investigated. A new optimized cold 
forming cycle has been proposed in order to produce AISI 304L and Duplex 2205 stainless 
steel parts. The optimized forged components produced at different steel grade were finally 
characterized from a microstructural point of view. Numerical simulation was used 
throughout the work. The following conclusions can be drawn: 
 Numerical simulation of the conventional forging process and its optimization 
constitute valid approaches that allow to give solutions in the process in question, 
getting over the simple designers experience and allowing to adapt the conventional 
forging deformation cycle to new materials. 
 The virtual optimization reduces long new product development lead-time and 
time-to-market, ensuring the production of defect-free and near-net-shape 
components. 
 The optimized cycle allows to limit loads and stresses exerted during forging, 
leading to a reduction of onerousity on the process management with energetic, 
economic and ecological benefits. 
 IPF [100]  IPF [100] 
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 Cold forged samples with the presence of ferrite (i.e. AISI 1005 and Duplex 2205) 
exhibit a preferential distribution of grain orientations in [100] direction on the 001 
and 111 poles. Moreover, the α-grains in Duplex 2205 at the as-received state show 
a strong crystallographic orientation in all directions of observation on the 001 
pole. 
 Cold forged samples with the presence of austenite (i.e. AISI 304L and Duplex 
2205) report a change of the crystallographic orientations, with a preferential 
distribution of grains in [100] direction on the 011 and 101 poles. 
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ABSTRACT 
 
Strain hardening is a common technique to exploit the full potential of materials in 
different applications. In this work Electron BackScatter Diffraction (EBSD), in 
conjunction with Field-Emission Environmental Scanning Electron Microscopy (FEG-
ESEM), is used to evaluate the microstructural and local plastic strain evolution in 
different alloys (AISI 1005, AISI 304L and Duplex 2205) deformed by a single-stage cold 
and warm forging process. The main purpose is to describe, qualitatively and 
quantitatively, the austenite and ferrite different behavior during plastic deformation at 
different forging temperatures (i.e. from ambient temperature to 700 °C). Several 
topological EBSD maps are measured on the deformed and undeformed state and image 
quality factor, distributions of grain size and misorientation are analyzed in detail.  
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1. INTRODUCTION 
 
Properties of metallic materials depend significantly on their microstructures. Two of the 
most important structural parameters affecting mechanical behaviour of various metals and 
alloys is the grain size and strain hardening. 
During forging processes interconnected variables, such as strain, strain rate, strain 
distributions and temperature control how the microstructure evolves. Altan et al. [1] 
indicated the importance of deformation temperature by stating that above the 
recrystallization temperature of a formed metal, strain rate is the significant processing 
parameter, while below the recrystallization temperature, strain is the processing parameter 
of primary significance. Herzberg [2] defined metal deformation above the 
recrystallization temperature as hot-working. McQueen [3] revealed that for many metals 
there is also a transitional region of forming temperatures between hot working and cold 
working within which both strain and strain rate, as well as deformation temperature, 
interact to affect the resulting microstructure and mechanical properties. This intermediate 
temperature range is often called warm working range. 
Recently, forging producers are increasingly using precision forging in which complicated 
parts can be formed directly in net shape or near-net shape in order to reduce cost. 
Particularly, in cold forging, materials with high formability are required and low carbon 
steels are widely used, since they can reduce the formation of cracks on forged parts [4]. 
In this scenario, stainless steels are an important class of alloys. Their importance is 
manifested in the plenitude of applications that rely on their use. The application of 
austenitic stainless steels in food, petrochemical and nuclear industries is due to their 
combination of good conformability, mechanical and corrosion resistance. In particular, 
AISI 304L steel is widely used, not only for its high corrosion resistance but also for its 
excellent formability and mechanical behavior. Many researchers have studied the changes 
in 304L stainless steel material behavior and microstructure under different conditions; its 
plastic deformation and corresponding microstructural evolution was found obviously 
different from static or dynamic loading conditions at high strain rate [5-9]. Another steel 
grade of great interest in forging industry is the Duplex Stainless Steel (DSS). DSS is a 
two-phase alloy (ferrite/austenite) which combine the properties of austenitic and ferritic 
stainless steels. The good combination of its mechanical properties and corrosion 
resistance makes it of great interest for a wide range of applications especially in the oil, 
chemical and power industry [10]. During the last years, in views of the great interest of 
forging industries on these materials, several studies on their formability were conducted. 
It is noted that its properties strongly depend on the microstructure and substructural 
changes of α and γ-phase during deformation under low and high strain rate conditions 
[11,12].  
Grain boundary characters also play a key role in the plastic deformation of polycrystalline 
materials and a beneficial combination of mechanical properties can be attained by grain 
refinement. In particular, the mechanical properties of carbon and stainless steels can be 
improved by extensive fine-grained structures [13-16]. Such materials do not undergo 
phase transformations within a wide temperature range and small grain sizes can be 
produced by dynamic recrystallization (DRX) under warm or cold forging conditions 
[17,18]. Since the dynamic grain size sensitively depends on processing temperature, the 
fine-grained microstructures can be developed under warm deformation conditions, i.e. 
during plastic working at relatively low temperature from about 0.5 to 0.7 of melting point 
(0.5-0.7Tm) [19]. Recently, two main DRX mechanisms were found to operate in metallic 
materials with low stacking fault energy (SFE): discontinuous DRX (DDRX) and 
continuous DRX (CDRX). In the DDRX mechanism, the formation of a new grain 
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structure results from the operation of a grain boundary bulging, namely grain boundary 
serration and migration consuming the strain hardened substructures [20]. The 
recrystallized structure can be achieved by using conventional metal working techniques 
and consists of recrystallized and work hardened component [15,21,22].  
The other type is the continuous DRX which operate mainly under conditions of warm 
working [23].The new grains develop as a result of the gradual increase in the 
misorientations between the subgrains that are caused by the plastic deformation; thus, 
fine-grained materials cannot be produced by standard thermomechanical processing 
[17,19,20]. 
The present work is first aimed to describe, qualitatively and quantitatively, the differences 
in the plastic behavior of ferrite and austenite, during one-stage cold forging process to 
form an hex-head plug fitting used in thermo-hydraulic applications. The strain 
heterogeneities and microstructural evolution of γ-phase in AISI 304L and Duplex 2205 
stainless steel during warm forging process at different temperatures (i.e. 400, 500, 600 
and 700 °C) are also investigated. Finally, the strain hardening behavior of the steels at 
cold and warm working conditions is analyzed. 
 
2. MATERIALS AND EXPERIMENTAL PROCEDURES 
 
The chemical composition of the alloys analyzed (AISI 1005 (Wr. N. 1.0303), AISI 304L 
(Wr. N. 1.4307), Duplex 2205 (Wr. N. 1.4462)) are listed in Table 1. 
In the as-received conditions the materials were obtained by continuous casting and then 
hot rolled down to a final bar diameter of 22 mm. AISI 304L and Duplex 2205 steel bars 
were solution heat-treated at 1150 °C and 1050 °C, respectively, and water-quenched in 
order to avoid precipitation of secondary phases. 
 
Steel C Si Mn Cr Mo Ni Cu Co N Others Fe 
AISI 1005 0.051 0.07 0.30 0.11 0.02 0.13 0.17 0.01 0.01 <0.07 bal. 
AISI 304L 0.031 0.35 1.32 18.66 0.40 8.11 0.49 0.12 0.09 <0.06 bal. 
Duplex 2205 0.022 0.52 1.28 22.30 3.13 5.68 0.19 0.07 0.18 <0.05 bal. 
 
Tab. 1. Chemical compositions of the materials analyzed (wt.%). 
 
Fig. 1 shows the step-sequence of the analyzed one-stage forging process at different 
strokes. The process consisted of two forging phases: a first compression to create the hex-
head (named "A-phase") and a second deep backward extrusion operation to form the 
"neck" of the plug fitting (named "B-phase"). Bottom punch was fixed during the forming 
cycle. Top punch and die were driven by press mechanism. Moreover bottom die was 
floating and driven by the contact forces. 
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Fig. 1. Set-up of the single-stage forging test. 
 
3D solid modeling of the workpiece (i.e. cylindrical billet, 18.3 mm height and 55 g 
weight) and tools were carried out by Pro/E
®
 software and then imported into 
FORGE2011
®
 numerical code.  
Details about the numerical model such as materials rheology and friction conditions can 
be found in previous works [24,25]. 550 cylindrical billets (50 in AISI 1005, 250 in AISI 
304L and 250 in Duplex 2205) were used for cold and warm forging experimental tests. 
Samples were forged by using a 2453 kN single-station general-purpose mechanical 
knuckle press with 50 spm. 
 
2.1. Microstructural analysis  
 
For a detailed understanding of the effects caused by cold and warm forging processes, 
metallographic longitudinal sections parallel to the compression z-axis (CA) were drawn 
from the cylindrical billets and forged samples at different temperatures (Fig. 2). The focus 
was set on the microstructural analysis of three areas corresponding to different strain 
levels, named zone A (no deformation), zone B (intermediate level of strain) and zone C 
(high strain level). Height reductions h (Fig. 2d) for each alloy at different forging 
temperatures are reported in Table 2. 
 
  
 
 
Fig. 2. CAD geometry of  initial billet a) and hex-head plug  b), longitudinal sections of 
real billet c) and forged component d). 
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Steel 
Height reduction h [%] 
20 °C 400 °C 500 °C 600 °C 700 °C 
AISI 1005 96.1 - - - - 
AISI 304L 54.0 56.5 57.4 60.9 64.5 
Duplex 2205 49.7 53.2 54.1 57.9 61.0 
 
Tab. 2. Height reductions h at various forging temperatures. 
 
For optical investigations and micro-hardness measurements, AISI 1005 specimens were 
etched with 4% HNO3 in ethanolic solution; AISI 304L was etched with a reagent for 
electrolytic etching (a mixture of 60% HNO3 and 40% distilled water) and Duplex 2205 
samples were etched with Beraha etching solution (10 ml HCl, 40 ml distilled water, 1 g 
K2S2O5). The micro-hardness tester Vickers Leitz Wetzlar D-35578 was used to perform 
three micro-hardness profiles, as shown in Fig. 2c-d. Measurements were carried out 
according to Standards ASTM E92-82 by using a load of 100 g. Microstructural 
investigation was also carried out by using a FEI Quanta 250 scanning electron microscope 
equipped with an electron back scattering diffraction (EBSD) analyzer incorporating an 
orientation imaging microscopy (OIM) system (EDAX TSL software, version 5). The 
surfaces of the undeformed and cold-warm forged specimens were prepared by using a 
polishing solution of 0.05 μm colloidal silica suspension and then electropolished in an 
electrolytic etching solution (60 ml HClO4, 40 ml distilled water) at 20 °C to ensure the 
highest surface quality. Samples were placed in FEG-ESEM microscope immediately after 
preparation. In order to compare the strain levels of zone A and B, step and area size used 
in the EBSD scans were 50 nm and 300 x 300 μm2 respectively; on the other hand, the 
comparison between zone A and B was made by using a step and  area size of  70 nm and 
150 x 150 μm2, respectively. The OIM images were subjected to clean-up procedures by 
setting a minimal confident index of 0.1. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Optical microscope observations at forging temperature of 20 °C 
 
Fig. 3 shows the alloys microstructures before and after the cold forging test. In the as-
received state (Fig. 3a - zone A) AISI 1005 is characterized by a ferritic microstructure 
with a low amount of pearlite and an average grain size of 21 μm; its hardness value was 
found to be equal to 128 ±3 HV0.1. AISI 304L (Fig. 3b - zone A) shows the typical 
austenitic microstructure with twin boundaries; initial values of average grain size and 
hardness were found to be 42 μm and 207 ±4 HV0.1, respectively.  
Finally, the grain size and hardness of the ferritic-austenitic stainless steel (DDS 2205, Fig. 
3c - zone A) were 9 μm and 245 ±6 HV0.1, respectively. In the as-received state, a balanced 
amount of austenite to ferrite is observed. 
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Fig. 3. Microstructure of a) AISI 1005, b) AISI 304L and c) DDS 2205 as a function of the 
analyzed zone (Figs. 2c and 2d). 
 
3.2. Micro-hardness evolution at forging temperature of 20 °C 
 
Micro-hardness profiles reveal different hardening intensities for cold forged tested steels 
(Fig. 4a). AISI 1005, due to the almost fully presence of α-phase, shows a nearly 
homogeneous hardening behavior. The highest mean values of hardness are observed on 
the area close to the contact surface between the top punch and the workpiece (Fig. 4a). 
This can be related to the combination of the material elastic-plastic properties (low stain 
hardening coefficient) and the forging technique used. 
The cold forged stainless steel samples show an inhomogeneous hardening behavior with a 
hardness increase in zone C (Fig. 4a). For AISI 304L, the hardness values vary from 356 to 
257 HV0.1; while, they are in the range of 399 to 282 HV0.1 in DSS. The highest hardness 
properties of the ferritic-austenitic stainless steel is mainly associated to the higher mean 
values of hardness reached on the as-received state (~245 ±6 HV0.1). Furthermore, due to 
the higher strain hardening coefficients of stainless steels compared to low carbon steel the 
deformation tends to localize in zone C forming a sort of barrier that prevents the flow to 
extend into other zones of the mold (Fig. 5). This is also confirmed by the distribution of 
the micro-hardness increase                (Fig. 4b) defined as: 
 
             
                                            
                       
                                                                   
 
where                      and                         are the mean values of micro-hardness 
derived from the three profiles reported in Fig. 2c and 2d respectively, calculated at the 
same distance along the compression axis (CA).  It easy to show that stainless steels are 
characterized by a rapid hardness increase from zone B to zone C. Even if DSS is 
characterized by a higher hardness value in the as-received conditions, which makes it 
more difficult to forge, it has a lower tendency to harden than AISI 304L steel (Fig. 4b). 
The highest strain hardening effect of the fully austenitic stainless steel is  associated to the 
crossing of slip planes [27], twin boundaries formation [26], the increase of dislocation and 
stacking fault density in the deformed regions [28-29]. 
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Fig. 4. Average a) micro-hardness profiles and b) trends of micro-hardness increase rate 
as a function of distance along the compression axis (CA). Data refer to the investigated 
steels.  
 
 
 
  
 
Fig. 5. Effective strain obtained by FE analysis.  
 
3.3. Electron backscatter diffraction analysis at forging temperature of 20 °C 
 
Several statistical analyses were performed on the EBSD data from each scanned area 
(zone A, B and C) in order to compare local plastic strain and grain evolution behavior of 
α- and γ-phase on the as-received and deformed steels considered. 
 
3.3.1. Image quality (IQ) factor 
 
At each measurement point in an OIM scan, a parameter quantifying the quality of the 
corresponding diffraction pattern is recorded. It is well known [30] that the image quality 
(IQ) is affected by residual strain in the diffracting volume. Thus, an indication of the 
distribution of strain in the material can be observed with an IQ map. For a large scanned 
(a) 
(c) (b) 
A 
A 
A 
TD 
 RD 
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area on a bulk sample, if the average IQ value is assumed to correspond to the overall 
strain measured mechanically, then the local strain can be quantified by assuming a linear 
relationship between the IQ value and the local plastic strain. In this work, the quantitative 
evaluation method of the local plastic strain rate is based on the concept proposed by 
Tarasiuk et al. [31] by using IQ factor distributions. The idea is reported in Fig. 6. In each 
graph, two normalized IQ distributions are plotted which correspond to the undeformed 
and deformed sample. The total area under each distribution curve is equal to one since it 
includes all the points within the area under investigation used to estimate deformed and 
undeformed material volume fractions. By superposing these two plots, two areas are 
detected: region X, which corresponds to all the points deformed without ambiguity, and 
region Y, which corresponds to the still unreformed points (Fig. 6). The area of region X is 
used to estimate the minimal deformed volume fraction (Vf min) as (Eq. (2)): 
 
                    
           
                                                                                           
 
where p(x) and q(x) are the normalized IQ distributions for deformed and undeformed 
samples respectively.  
Fig. 6 shows the IQ normalized distributions as a function of phase (ferrite, austenite) 
corresponding to the as-received (zone A) and cold forged (i.e. zone C) materials (the IQ 
distributions measured in zone B are directly used in the subsequent calculations of Vf min 
fraction). In both phases, plastic strain leads to a shift of the normalized IQ distribution 
peak to lower values. 
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Fig. 6. Normalized IQ distribution for various degrees of strain at 20 °C for the two phases 
on the different steels investigated. 
 
In Table 3 the Vf min fraction is estimated (Eq. (2)) by assuming that the as-received state of 
steels is deformation free (Vf min = 0%). 
 
 
Investigated 
area 
Vf min fraction [%] 
α-phase [%] γ-phase [%] 
AISI 1005 Duplex 2205 AISI 304L Duplex 2205 
Zone B 12.3 24.7  14.3 25.8 
Zone C 55.8 63.4 64.7 71.3 
 
Tab. 3. Vf min fractions estimated in α and γ-phase after different strain levels. 
 
From Table 3 it can be noted that the highest values of Vf min fraction are reached on          
γ-phase. This is confirmed by the average misorientation angles determined by EBSD that 
has been observed (in the present work and in a previous study [32]) to increase faster in  
γ-phase than in α-phase. 
Variations of 44 to 39% in α-phase for AISI 1005 and Duplex 2205 steel and of 50 to 46% 
in γ-phase for AISI 304L and DDS 2205 are respectively observed; the difference is 
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attributed to the slightly higher tendency to work-harden of single-phase steels (AISI 
304L) as mentioned above. Moreover, DDS 2205 shows the highest values of Vf min fraction 
for both phases in zone C. This may be due to the highest micro-hardness values previously 
measured on that area. 
 
3.3.2. Microstructural evolution at forging temperature of 20 °C 
 
A detailed analysis of the misorientation angle distributions by EBSD for estimating the 
amount of low-angle boundaries (LABs) (θ = 2°÷5°) and high-angle boundaries (HABs)  
(θ > 15°) has been carried out. Fig. 7 and 8 show the histograms of LABs and HABs 
volume fractions as a function of the analyzed zone.  
It is noted that the volume fraction of LABs increases and HABs decreases after a cold 
forging cycle in both phases. This can be attributed to the development of a sub-grains 
microstructure, characterized by dislocation walls, which forms during plastic deformation. 
With the exception of AISI 1005, an higher amount of LABs is revealed in the α-phase 
compared to γ-phase in the as-received state. This upholds the hypothesis of incomplete 
recrystallization of α-phase. On the other hand, HABs prevail in γ-phase. They form 
through the fragmentation of elongated grains, as provided after complete recrystallization. 
 
  
 
 
Fig. 7. Volume fractions of a) LABs and b) HABs developed in α-phase for AISI 1005 and 
DDS 2205 samples at 20 °C and different strain levels. 
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Fig. 8. Volume fractions of a) LABs and b) HABs developed in γ-phase for AISI 304L and 
DDS 2205 samples at 20 °C and different strain levels. 
 
The variation of LAB and HAB fraction within a phase may depend on different 
parameters. In Fig. 9 the LABs increase of and HABs decrease is calculated as difference 
between the associated deformed (zone B and C) and undeformed (i.e. zone A) values 
reported in Fig. 7 and 8.  
It can be observed in Fig. 8a that the highest increase of LABs volume fractions has been 
found on the α-phase of low carbon steel (zone C). This is due to the higher formability 
properties of this material compared to the stainless steels analyzed. It is also in good 
agreement with the high Vf min increase estimated on that phase for AISI 1005 (Table 3). On 
the other hand, the LABs fraction increase in zone B is higher for DDS 2205 compared to 
AISI 1005 steel as a consequence of the higher Vf min fraction value reached in that zone. 
The increase of LABs volume fractions in γ-phase, on both deformed zones (~ 20-25%), is 
higher in DSS 2205 than AISI 304L. This is due to the building up of higher amount of 
dislocation microstructure composed by sub-grains induced by the higher levels of strain 
(Vf min fraction) observed on γ-phase of DDS 2205 compared to AISI 304L. Moreover, the 
highest increase of LABs volume fractions noted on zone C (high strain area) for the 
stainless steels is directly related to their high strain-hardening behavior (Fig. 4b). A very 
similar histogram is observed for the HABs volume fractions decrease (Fig. 8b). 
A detailed statistical analysis of the misorientation distribution angles across the so-called 
special γ-grain boundaries, i.e. those having dense Coincident Site Lattice (CSL), was also 
carried out. By using EBSD analysis, the CSL numbers (Σ) were measured by means of the 
following equation: 
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Fig. 9. a) LABs volume fractions increase and b) HABs volume fractions decrease on zones 
B and C for both phases. 
 
In face centered cubic metals and alloys with low stacking fault energy (SFE), most of 
these special boundaries are Ʃ3 or Ʃ3n CSL boundaries related to twin boundaries. On zone 
A, about 59.2% and 65.9% of the HABs on AISI 304L and DSS 2205, respectively, display 
the first-order twin CSL orientation relationship Ʃ3 (within a deviation of 2°) characterized 
by 60° rotation about <111> axis. About 3.2% of boundaries in AISI 304L and 3.0% of 
boundaries in DDS 2205 appear to correspond to the second-order twins represented by Ʃ9 
(38.9°/<011>) CSL orientation relationship. 
On zone B, the γ-phase islands become slightly more elongated and locally fragmented 
compared to zone A. They show a tendency to become preferentially aligned at determined 
angles. The originally sharp peak in the γ-phase misorientation distribution centered on the 
ideal Ʃ3 CSL orientation relationship becomes broader and the portion of first-order twin 
boundaries among the HABs decrease to about 55.8% and 64.7% on AISI 304L and 
Duplex 2205 steel, respectively. 
As the plastic strain increases (i.e. zone C), the austenite islands become more elongated. 
The broadening of the original Ʃ3 peak in the γ-phase misorientation distribution becomes 
more pronounced; the portion of the first-order twin boundaries among the HABs further 
decreases to about 14.3% and 12.3% on fully austenitic stainless steel and DDS 2205, 
respectively. The observed presence of second-order twin boundaries in the misorientation 
spectra is about 1.1% for AISI 304L and 2.0% for the duplex stainless steel. Table 4 
summarizes the main fraction of CSL boundaries examined in the γ-phase; α-phase is 
practically free of them. 
The present results show that pre-existing annealing twin regions within the austenite 
display a tendency to progressively rotate away from the ideal CSL orientation relationship 
during straining.  
Thus, the corresponding originally straight coherent twin boundaries become gradually 
converted to general HABs during the deformation process. Similar results showing that 
such rotations appear to occur very early in the deformation process and might reach 
values of several tens of degrees at large strains have been reported by Cizek et al. [33].  
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Investigated 
area 
CSL boundaries volume fraction [%] 
AISI 304L Duplex 2205 
Ʃ3 Total: Ʃ3 - Ʃ49 Ʃ3 Total: Ʃ3 - Ʃ49 
Zone A 59.2 68.1  65.9  73.7  
Zone B 14.3 25.8  12.3 24.7 
Zone C 55.8 63.4 64.7 71.3 
 
Tab. 4. CSL boundary fractions parameter in the γ-phase. 
 
4. EFFECT OF TEMPERATURE ON THE MICROSTRUCTURAL 
EVOLUTION OF γ-PHASE 
 
4.1. Micro-hardness evolution on zones B and C at different warm forging 
temperatures 
 
Fig. 10a-b show micro-hardness profiles on stainless steel samples forged at different 
temperatures. The effect of increasing temperature tends to continuously decrease the 
micro-hardness profiles on each type of steel (Fig. 10a-b). This behaviour is mainly 
associated with the lower presence of dislocation boundaries and densities at higher 
forging temperatures [22]. All micro-hardness profiles confirm the presence of the high 
strain-hardened area around zone C under the forging impact at different temperatures. 
This effect is less pronounced at higher forging temperatures tests.  
In Fig. 11a-b, a comparison between micro-hardness profiles obtained at 20 °C and at 
different forging temperatures has been made on each stainless steel, in terms of the rate of 
decrease of micro-hardness measurements                estimated by Eq. (1). 
As shown in Fig. 11b, Duplex 2205 has a lower tendency to decrease micro-hardness 
values at different forging temperatures than AISI 304L; moreover, the increase of 
temperature seems to drastically decrease the strain hardening effect on zone C. This 
behaviour is not clear on AISI 304L samples forged at 400 and 500 °C respectively, due to 
lower temperatures and similar micro-hardness profiles as compared to cold forged one. 
 
  
 
 
Fig. 10. Average micro-hardness profiles as a function of distance along the compression 
axis (CA) for a) AISI 304L and b) Duplex 2205 stainless steel.  
 
169 
  
 
 
Fig. 11. Average trends of micro-hardness decreases as a function of distance along the 
compression axis (CA) for a) AISI 304L and b) Duplex 2205 stainless steel.  
 
4.2. Electron backscatter diffraction analysis of zones B and C at different warm 
forging temperatures 
 
4.2.1. Image quality (IQ) factor 
 
Fig. 12 shows the trends of the Vf min fractions for AISI 304L and Duplex 2205 stainless 
steel at different forging temperatures. 
 
 
 
Fig. 12. Relationships between the minimum deformed volume fractions (Vf min) and forging 
temperatures evolved under cold-to-warm deformation of γ-phase in AISI 304L and Duplex 
2205 stainless steel. 
 
As can be seen in Fig. 12, the Vf min fractions are almost constant with an increase in 
forging temperature from 20 to 400 °C on zone C in both steels analyzed; they slightly 
decrease on zone B. The warm-working temperature of 400 °C gives not enough relevant 
alteration and evolution on γ-grains and sub-grains structures at different levels of strain 
(i.e. zone B and C). In zone B, with an increase in temperature from 400 to 700 °C, the      
Vf min fractions are in the range of 38 to 52% and from 10 to 49% in AISI 304L and Duplex 
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2205 steel respectively. On the other hand, in the same range of temperatures, the Vf min 
fractions vary from 68 to 47% and from 70 to 50% in the austenitic and dual-phase 
stainless steel respectively. If this range of temperatures is considered, variations of 14 and 
39% in Vf min fractions are observed in zone B for AISI 304L and Duplex 2205 respectively. 
On the other hand, the raising of Vf min fractions are almost constant and set at about 20% 
on zone C for both steels; it means that the γ-phase presents the same formability 
properties at different temperatures in both steels, for this metal working technique. 
In zone B, the different increase of Vf min fractions on the two steels analyzed is a direct 
consequence of the forging process used. Zone B is the last zone of the workpiece to be 
deform and the lowest formability properties of Duplex 2205 steel involve lower Vf min 
fractions at low temperatures as compared to AISI 304L steel. Through the effect of 
temperature increase, a reduction of Vf min fractions gap between the steels analyzed is 
revealed and the formability properties of Duplex 2205 are greatly improved. As a matter 
of fact in Fig. 12, it is noted that γ-phase reaches almost similar Vf min fractions at 700 °C in 
both steels considered. 
 
4.2.2. Microstructural evolution of γ-phase on zones B and C at different warm 
forging temperatures 
 
The deformation microstructures developed after one-stage forging process at temperatures 
of 20 °C, 400 °C, 500 °C, 600 °C and 700 °C are shown in Fig. 13. 
 
     
     
 
Fig. 13. OIM micrographs on zone C for deformed γ-phase microstructure evolved in the 
AISI 304L and Duplex 2205 steel processed by one-stage forging process at a) 20 °C, b) 
400 °C, c) 500 °C, d) 600 °C and e) 700 °C. The inverse pole figure is shown for the 
compression z-axis (CA). The black lines indicate high-angle boundaries (HABs).  
 
The single-stage warm forging process at all studied zones (i.e. zone B and C) and 
temperatures results in slight γ-grain refinement from 20 to 500 °C for each stainless steel 
considered. A non-uniform fine grained structure evolves in the samples processed at these 
temperatures in zone B and C analyzed, as reported in Fig. 14. The γ-grains, from 20 to  
500 °C, are in the range of 3671 to 2285 μm2 and from 267 to 77 μm2 for AISI 304L steel 
in zone B and C respectively. At the same time, the average size of the γ-grains on Duplex 
2205 steel changes from 116 to 58 μm2 in zone B and from 25 to 12 μm2 in zone C. The 
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microstructure at these temperatures is characterized by some heterogeneities. In addition 
to the equiaxed fine dynamic recrystallized (DRX) grains, these microstructures contain a 
low amount of large-elongated γ-grains with irregular boundaries, which are the 
remainders of the original grains. 
At 600 °C and 700 °C, the microstructures are almost fully composed of fine nearly-
equiaxed and large-elongated γ-grains, which are considered to be DRX grains. This is 
clearly shown in both deformed zones of the austenitic stainless steel analyzed. For Duplex 
2205 stainless steel, the presence of minor unrecrystallized areas at 600 and 700 °C as 
compared to AISI 304L steel, involve rather homogeneous γ-grain size distributions on the 
deformed zones through different forging temperatures, as shown in Fig. 14b. 
 
  
 
 
 
Fig. 14. Average γ-grain size distributions evolved in the a) AISI 304L and b) Duplex 2205 
stainless steel after forming process on zone B and C at different forging temperatures. 
 
Fig. 15 reports an examination of the boundary and sub-boundary misorientation 
distribution during deformation process at different forging temperatures, which shows that 
the fractions of LABs (i.e. 2 ≤ θ ≤ 5°) and HABs (i.e. 15° ≤ θ ≤ 90°) tend to become almost 
similar at higher temperatures (i.e. 600 and 700 °C) for both deformed zones and stainless 
steels considered. The originally large differences between fractions of LABs on both 
deformed zones at 20 °C (i.e. ~12% for AISI 304L and 15% for Duplex 2205), decrease 
remarkably to about 6 and 2% on single-phase and dual-phase steel respectively at 700 °C. 
At this temperature the fractions of LABs vary slightly from 66 to 72% (Fig. 15a). On the 
other hand, in Fig. 15b, a very closed behaviour of HABs fractions are also revealed at 
different forging temperatures. At 20 °C the differences between fractions of HABs on 
both deformed zones are 30% for AISI 304L steel and 26% for Duplex 2205 steel, which 
decrease drastically to 1 and 5% on single-phase and dual-phase steel respectively at      
700 °C. 
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Fig. 15. Fractions of a) LABs and b) HABs estimated in both stainless steels at different 
forging temperatures. 
 
As regards the specific misorientations which might be present within the stainless steels 
considered, the fraction of CSL boundaries has also been examined in the γ-phase. 
Resulting values are presented in Fig. 16. At lower temperatures (i.e. from 20 to 500 °C), 
the fraction of CSL boundaries decreases in both deformed zones and stainless steels 
analyzed. On zone B, Ʃ3 boundaries fraction decreases from 56 to 45% for AISI 304L and 
from 68 to 59% for Duplex 2205 steel. Moreover it decreases from 14 to 9% and from 25 
to 21% for austenitic and dual-phase stainless steel respectively on zone C. At the same 
time the percentage of total CSL boundaries decreases simultaneously on both deformed 
zones and stainless steel considered. On the other hand, the fractions of CSL boundaries at 
600 and 700 °C increase as a consequence of the new grains nucleate as a result of local 
bulging of grain boundaries during the dynamic recrystallization (DRX) mechanism 
[34,35]. 
 
  
 
 
Fig. 16. Fractions of CSL boundaries in γ-phase estimated for both stainless steels at 
different forging temperatures. 
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5. CONCLUSIONS 
 
The microstructural and local plastic strain evolution of α- and γ-phase in AISI 1005 low 
carbon steel, AISI 304L and DDS 2205 during single-stage cold forging test was 
investigated. Microstructural characterizations were carried out on samples both cold and 
warm forged with temperatures ranging from 400 °C to 700 °C. 
The main results can be summarized as follows: 
 The α-phase in AISI 1005 steel has a lower tendency to harden compared to          
γ-phase of AISI 304L steel. On the other hand, γ-phase tends to harden easier on 
austenitic than on duplex stainless steel. The highest strain hardening effect of       
γ-phase is  associated to the crossing of slip planes, twin boundaries formation, the 
increase of dislocation and stacking fault density in the deformed regions.  
 During the cold forging process, the estimated deformed volume fraction is higher 
in the γ-phase compared to the α-phase. Furthermore, the γ-phase grains deform 
more homogeneously than the initially large α-phase grains. 
 Samples forged at 20 °C result in the development of fine grained microstructures. 
Low-angle boundaries (LABs) increase and high-angle boundaries (HABs) 
decrease, as a direct consequence of the dislocation microstructures formation. 
 The γ-phase microstructure which develops during single-stage forging from 400 to 
500 °C is characterized by fine grained microstructure at different strain levels. The 
fraction of special boundaries decrease rapidly from 400 to 500 °C for both 
stainless steel analyzed. On the other hand the microstructures of γ-phase detect at 
higher forging temperatures (i.e. 600 and 700 °C) are almost fully composed of 
large-elongated and fine nearly-equiaxed grains, which are considered to be 
discontinuous dynamic recrystallized (DRX) grains. Similar values of LABs and 
HABs fractions and annealing twins formation are observed on stainless steels 
investigated. 
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ABSTRACT 
 
In the present work, the effects of different microstructural features on the mechanical 
properties of a traditional and semi-solid gravity sand cast AM60B alloy are investigated. 
The Rapid Slurry Forming (RSF
TM
) technology and a step casting  geometry, with a range 
of thickness from 5 to 20 mm, have been used. 
The results show that the microstructure of traditionally gravity cast step castings consist 
of primary α-Mg dendrites, while those cast at semi-solid state show the presence of quasi-
globular α-Mg phase. Partially divorced α-Mg/β-Mg17Al12 eutectic and fine intermetallic 
Al-Mn compounds, distributed among the interdendritic regions and along grain 
boundaries, are also revealed. Due to low solidification rate, discontinuous precipitations 
of Mg17Al12 into α-Mg grains take also place. The few micrometers size range of α-Mg 
grains, and the blocky morphology of α/β eutectic and Al-Mn compounds increase the 
mechanical properties of semi-solid alloy. Furthermore, lower fraction of α/β eutectic in 
the semi-solid castings tend to increase the mechanical properties. 
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1. INTRODUCTION 
 
Magnesium alloys are usually processed through different foundry processes due to their 
low formability near room temperature. Actually, the applicable methods are high-pressure 
die-casting and all kinds of gravity casting such as sand, permanent and semi-permanent 
mould casting. Other relevant production technologies are squeezing casting and semi-
solid casting [1,2]. 
The High Pressure Die Casting (HPDC) has been the overall dominating technology for 
manufacturing Mg alloy components. However, improving the integrity of final products 
has been a continuous target by many researchers and companies for many years. Several 
solutions have been proposed and one of the most promising is to use semi-solid metal 
forming (SSM) processes. 
Technologies for semi-solid processing can generally be divided into two basic routes: 
rheoforming and thixoforming [3]. 
In order to exploit the benefits of magnesium alloy, it is necessary to develop alternative 
processing that can effectively produce complex, high-precision casting with good 
mechanical properties at low expense. One of the latest technical developments in SSM 
technologies is the Rapid Slurry Forming (RSF
TM
) process [4], where high quality Mg 
slurry can easily produced in very short time. 
Nowadays, semi-solid metal forming is mostly applied with high pressure [5,6]. In 
contrast, gravity sand casting has not been commonly used even though it has several 
advantages in small lots, complex parts or big parts [7]. 
The AM series alloys are among the most widely used magnesium alloys because of their 
excellent combination of ductility and strength. In these alloys, aluminium (Al) and 
manganese (Mn) are two primary alloying elements. Aluminium improves strength and 
hardness, and lowers the melting point for easy casting, and Manganese is mainly for 
improving the seawater corrosion resistance, by removing iron and possibly other heavy 
metal elements into relatively harmless intermetallic compounds [8]. However, the effects 
of Al and Mn contents on the microstructure and mechanical properties of SSM processed 
alloys is not completely clear. Moreover, no research focusing on the semi-solid gravity 
sand casting with AM60B has been reported even though this alloy has a good fluidity and 
castability, resistance to hot cracking and low solidification shrinkage [8]. 
This work aims to study the feasibility of semi-solid gravity sand casting with an AM60B 
alloy by the RSF technology and to understand the effects of the semi solid casting on the 
mechanical properties. 
 
2. EXPERIMENTAL PROCEDURE 
 
2.1. Alloy and traditional gravity casting 
 
An AM60B magnesium alloy was studied in this paper. The chemical composition of the 
alloy, as obtained by an atomic emission spectrometer on separately poured samples is 
given in Table 1. 
 
Alloy Al Mn Si Zn Fe Cu Others Mg 
AM60B 5.75 0.27 0.031 0.039 0.001 0.003 <0.003 bal. 
 
Tab. 1. Chemical composition of the alloy used in the present work (wt.%). 
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The geometry of the casting, with the front and the side views, is shown in Fig. 1. The step 
casting presented a range of thickness going from 5 to 20 mm and it was gated from the 
side of the riser, which also ensured a good feeding during the solidification. 
This configuration allows to obtained a range of solidification rates and consequently 
different microstructures in the casting [9].  
The weight of the casting is 0.492 kg, including the riser and the chamber. 
 
a) 
 
b) 
  
 
Fig. 1. (a) The step casting CAD geometry with (b) front and side views. All the measures 
are in mm. 
 
The step castings were obtained by sand moulds, whose total dimensions were 230 x 190 x 
125 mm
3
. 
Two foundry technologies were used, that is the traditional gravity sand casting and RSF 
technology. In the first one, the AM60B alloy was first melted in a graphite crucible using 
an electric crucible furnace set at 750 °C, under a cover gas. About 4.5 kg of material was 
melted. The cover gas was moisture mixture of 50% CO2 + 0.2% SF6 + 49.8% Air. 
Before pouring, the sand moulds were preheated up to ~100 °C. When the melt 
temperature was steady at 750 °C, a certain amount of liquid alloy (~1.5 kg) was gently 
taken using a preheated boron nitride coated steel ladle and poured to fill a series of 3 tilt-
poured sand moulds, placed with an inclination angle of 60° to the horizontal as shown in 
Fig. 2. The castings were then allowed to cool up to room temperature inside the sand 
mould. 
 
 
 
Fig. 2. Sand mould tilted 60° from horizontal. 
 
 
  Riser 
 
    Step  
  casting 
 
 Chamber 
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2.2. Rapid Slurry Forming (RSF
TM
) process 
 
In order to better explore the potential of the RSF technology, a series of semi-solid gravity 
sand step castings were obtained. 
The RSF process is an innovative and cost effective way of forming semi-solid metal 
slurries to be used in casting processes for manufacturing high quality Mg components. 
The RSF is based on the enthalpy control instead of the temperature control for the 
production of the desired solid fraction in the metal slurry production. Two masses of the 
same alloy with different enthalpy are mixed together. While one mass is low superheated 
(high enthalpy), the other acts as a cold solid stirring material (low enthalpy). The solid 
stirring material is generally named Enthalpy Exchange Material (EEM) [4]. 
The three steps of the process for the slurry production by using the RSF are shown in Fig. 
3 [10]. 
In the semi-solid gravity sand casting, the AM60B alloy was melted and used to produce 
the EEMs. The produced EEMs had a conical shape with a constant weight of 0.225 kg, in 
accordance with Ref. [11]. The rotation speed of EEM was set at 1200 rpm. 
 
a) 
 
b) 
 
c) 
 
 
Fig. 3. The three process steps of the RSF process: (a) the solid EEM is submerged into the 
melt, (b) the EEM is stirred in the melt, causing formation of solid nuclei, (c) complete 
dissolution of EEM has occurred and slurry is formed. 
 
The melt was prepared in a graphite crucible using an electric furnace set at 750 °C, under 
a cover gas and sand molds were preheated up to ~100 °C. The temperature of molten bath 
was then decreased and stabilized at 640 °C. The EEM was submerged into the melt and 
the stirring started and continued for 15-20 s until all the EEM had melted away. Thus, an 
homogeneous AM60B slurry had formed and steady at a temperature of 613 ±1 °C. During 
slurry making, a K-type thermocouple was submerged into the bath to control the thermal 
history. 
When the temperature of the slurry was at 613 °C, a similar pouring technique and cooling 
method were used. 
 
2.3. Metallographic observation and mechanical testing 
 
Traditional and semi-solid gravity sand castings were then sectioned and samples were 
drawn from the each step for metallographic investigations. 
Flat tensile specimens with rectangular cross section have been obtained from the middle 
and external zone of the castings as indicated  in Fig. 4. In this way it was possible to study 
the effect of the local temperature and the heat transfer on the solidification rate and, thus, 
on the microstructure and mechanical properties. The tensile specimens had a length of 100 
mm and thickness of 3 mm, while the gauge length was 30 mm and the width was 10 mm. 
The tensile tests were done on a MTS 810 computer-controlled tensile testing machine. 
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The crosshead speed used was 2 mm/min (strain rate ~10
-3
 s
-1
). The strain was measured 
using a 25-mm extensometer. 
For the analysis reported in this paper, at least ten specimens were tested for each zone of 
the casting. The best values in terms of Quality Index [12], were selected in an attempt to 
minimise any effects arising from casting defects on the fracture data and mechanism 
[13,16], and to maximize the chance of isolating the effects of microstructural components. 
 
 
 
Fig. 4. Side view of the step casting showing sectioning scheme. 
 
The microstructure of samples was studied and analyzed using optical microscopy (OM) 
and scanning electron microscopy (SEM) equipped with energy dispersive X-ray 
spectroscopy (EDS). 
Samples were drawn from the cross section of the gauge length and  mechanically prepared 
by grinding with SiC abrasive paper and polishing with a commercial fine silica slurry for 
metallographic investigations. Microstructural analysis was carried out using a LEICA 
DM2500M optical microscope and quantitatively analyzed using a LEICA LAS image 
analyzer. All samples were etched for a few seconds in a solution of 50 mL ethanol, 1 mL 
nitric acid and 0.7 mL phosphoric acid. 
To analyse and quantify the microstructural features, the image analysis was focused on 
the area fraction and aspect ratio of the secondary phases and intermetallic particles (i.e.   
α-Mg/β-Mg17Al12 eutectic and Al-Mn intermetallic compounds) and on size of the crystal 
grains. Size is defined as the equivalent circle diameter (d); the aspect ratio (α) is the ratio 
of the maximum to the minimum Ferets. The grain size was measured using the intercept 
method, according to the ASTM-E112 specification. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Microstructural observations 
 
The microstructure of traditionally gravity castings consists of primary α-Mg dendrites 
nucleate inside the undercooled liquid, with Al cored to the interdendritic regions. 
Equiaxed α-Mg grains with a rosette-like globular morphology were formed with the 
enrichment of Al content in solid solution between the dendrite arms, due to low 
solidification rate (Fig. 5a). The castings produced at semi-solid state show the presence of 
primary quasi-globular α-Mg phase formed inside the crucible during the RSF (Fig. 5b). 
 
A.e 
 B.e B.i 
A.i 
C.i 
D.i 
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Fig. 5. Typical microstructure of (a) traditional gravity cast and (b) semisolid cast AM60B 
alloy; the different size and shape of primary α-Mg phase is evidenced. 
 
It was found that the solid fraction, mainly composed by primary α-Mg phase (Fig. 5b), 
was about 36%, in accordance with the literature [17,18]. The addition of small amount of 
alloying elements such as Mn has a little effect on the nucleation of the primary α-Mg 
crystals since this element mostly segregates to form secondary phases [19]. A general 
coarsening of microstructure occurs by increasing the step thickness, as the result of the 
increased solidification time. For every section thickness, the microstructure were finer in 
the samples drawn from the external section than the specimens from the inner one.  
Fig. 6a shows the secondary phases and intermetallic particles observed in the casting 
processed with both technologies. The EDS analysis confirmed that the structure with a 
sponge-like appearance is a partially divorced α-Mg/β-Mg17Al12 eutectic, while the blocky 
intermetallics (Fig. 6b) and the particles with a lamellar morphology (Fig. 6c) are Al-Mn 
compounds and discontinuous Mg17Al12 precipitates respectively. 
Due to the low diffusion rate of Al atoms into the α-Mg matrix and the middle cooling  
rate, the solidification of the AM60B alloy proceeded under non-equilibrium conditions, 
and a certain amount of non-equilibrium eutectic was detected. The eutectic exhibits a 
wide range of morphologies in hypoeutectic Mg-Al alloys depending on composition and 
cooling rate [19,20]. In this work, a partially divorced α-Mg/β-Mg17Al12 eutectic 
morphology was observed, characterized by islands of eutectic α-Mg within the                
β-Mg17Al12 phase; while the bulk of the α-Mg is still outside the Mg17Al12 particles, i.e. the 
volume fraction of α-Mg within the Mg17Al12 particle is much lower than the proportion 
predicted by the equilibrium phase diagram. 
A large number of fine intermetallic Al-Mn compounds distributed among the 
interdendritic regions and along grain boundaries, probably due to the presence of small 
amounts of Mn, were also revealed. These particles have been observed in AM series 
alloys by several researchers, but their identification is still uncertain. Sohn et al. [21] 
simply state that this is an intermetallic compound containing Al and Mn, whereas Wang et 
al. [22] identify the phase as Al8Mn5. 
Completion of eutectic solidification does not mark the end of phase transformations in 
AM60B alloy investigated. The solidification rate is sufficiently slow (typical of sand-
casting) and precipitation occur in the supersaturated areas of the α-Mg crystals. This 
precipitation may take two forms, continuous and discontinuous. In the present work, the 
precipitation shows a discontinuous form (Figg. 6a,d). This involves the growth of lamellar 
Mg17Al12 precipitates into α-Mg grains with a similar mechanism of pearlite into austenite 
grains during the cooling of steel. The Al partitions to the Mg17Al12 lamellae as they grow, 
leaving the α-Mg between the lamellae much leaner in Al than before discontinuous 
precipitation commenced. The discontinuous precipitation appears to grow from near the 
eutectic β-Mg17Al12 into the α-Mg grains, but whether the precipitates actually have the 
same orientation as the Mg17Al12 phase, or whether they nucleate separately in the 
 α1 
Primary α-Mg 
dendrite 
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supersaturated α-Mg phase (e.g. on dislocation) has not been confirmed. Discontinuous 
precipitation occurs mostly in the α-Mg regions near the β-Mg17Al12 phase, since these 
regions have higher Al contents (approx. 10-13 wt.% Al) than the centre of the primary    
α-Mg dendrites, where the Al concentrations may be as low as 2 wt.% Al [23]. 
 
  
  
 
Fig. 6. (a) Secondary phases and intermetallic particles observed in the step castings; 
SEM micrographs with corresponding EDS spectra of (b) α/β eutectic, (c) intermetallic Al-
Mn compounds and (d) discontinuous precipitates of Mg17Al12. 
 
3.2. Tensile testing 
 
The mean values and the standard deviation of yield stress (YS, actually 0.2% proof 
stress), ultimate tensile strength (UTS) and elongation to fracture (sf) are summarized in 
Table 2. The low values of standard deviation confirm the presence of a low amount of 
casting defects, which can affect the mechanical properties [24]. 
 
 Conventional casting Semi-solid casting 
Section UTS [MPa] sf [%] UTS [MPa] sf [%] 
A.i 161 (8) 4.45 (0.52) 180 (13) 4.92 (0.72) 
A.e 154 (10) 5.08 (0.87) 181 (10) 5.26 (0.83) 
B.i 172 (11) 5.39 (0.86) 190 (12) 6.16 (1.44) 
B.e 165 (13) 5.87 (0.68) 175 (9) 6.13 (1.36) 
C.i 178 (12) 5.47 (0.97) 190 (14) 6.98 (1.47) 
D.i 170 (9) 4.92 (0.62) 187 (15) 4.75 (0.69) 
 
Tab. 2. Average mechanical properties obtained from different sections of the step castings 
(standard deviation in parentheses). Data refer to traditional and semi-solid gravity cast 
step castings. 
Al-Mn rich 
compounds 
Discontinuous 
Mg17Al12 
precipitation 
 
Partially divorced            
α-Mg/β-Mg17Al12 
eutectic 
 
187 
If different sections are considered and compared, a reduction of 14 and 8% in UTS and 25 
and 32% in elongation to fracture is observed for the traditional and semi-solid alloy 
respectively, as a consequence of the different microstructural scale. In the traditional 
gravity castings, the UTS varies from 154 to 178 MPa and the elongation to fracture from 
4.5 to 5.9%, while the change is in the range of 175 to 190 MPa for UTS and from 4.8 to 
7.0% for elongation to fracture, in the semi-solid gravity castings. On the other hand, 
different solidification times seem to not affect the YS of the alloy. In semi-solid castings, 
the mean YS is about 83 MPa independently from the step thickness, while in traditional 
castings the mean YS is 81 MPa, except for the outer zone of the castings where the 
presence of higher amount of brittle α-Mg/β-Mg17Al12 eutectic and microdefects, induce 
even lower values of YS. 
To relate the microstructural features with the mechanical behavior of AM60B alloy, the 
grain size can be firstly considered. It is well recognized how finer grains are beneficial in 
terms of mechanical properties for a material [25]. Consequently, it is not difficult to 
understand that the few micrometers size range of α-Mg grains observed in semi-solid 
castings generally increases the final mechanical properties, as reported in Fig. 7. 
 
a) 
 
b) 
 
 
Fig. 7. Average (a) UTS and (b) elongation to fracture as a function of equivalent diameter 
of grains. Data refer to traditional and semi-solid gravity cast step castings. 
 
4. CONCLUSIONS 
 
In the present work, the potential and the feasibility of an innovative rheocasting  process 
in Mg foundry is examined. In particular, the effects on microstructure and mechanical 
properties of a traditional and semi-solid gravity sand cast AM60B alloy have been 
investigated. Based on the results obtained in the present study, the following conclusions 
can be drawn. 
 Nearly defect-free castings can be produced using RSF technology. 
 The microstructure of traditionally gravity cast step castings consist of primary     
α-Mg dendrites, while those cast at semi-solid state show the presence of quasi-
globular α-Mg phase. Partially divorced α/β eutectic and fine intermetallic Al-Mn 
compounds, distributed among the interdendritic regions and along grain 
boundaries, are also revealed. 
 The few micrometers size range of α-Mg grains increase the mechanical properties 
of semi-solid alloy, in terms of UTS and elongation to fracture. 
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ABSTRACT 
 
The effects of different microstructural features on the mechanical properties of a 
conventional and semi-solid gravity sand cast AM60B alloy are investigated. The Rapid 
Slurry Forming (RSF
TM
) technology and a step casting geometry, with a range of thickness 
from 5 to 20 mm, have been used. Tensile specimens have been drawn from the middle 
and external regions of the casting. The results show that the microstructure of 
conventionally gravity cast step castings consist of primary α-Mg dendrites, while those 
cast from the semi-solid state show the presence of globular and rosette-like α-Mg phase. 
Partially divorced Mg-Mg17Al12 eutectic and fine intermetallic AlxMny compounds, 
distributed among the interdendritic channels and along grain boundaries, are also 
revealed. Due to low solidification rate, discontinuous precipitation of Mg17Al12 also takes 
place. The presence of primary blocky α-Mg phase and lower eutectic fraction tend to 
increase the mechanical properties of semi-solid cast Mg alloy. 
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1. INTRODUCTION 
 
High-pressure die-casting is the overall dominating technology for manufacturing Mg alloy 
components. Improving the integrity of final products has been a continuous target by 
many researchers and companies for many years. Several solutions have been proposed 
and one of the most promising is actually the use of semi-solid metal (SSM) casting 
processes. One of the latest technical developments in SSM is the Rapid Slurry Forming 
(RSF
TM
) process, where high quality Mg slurry can be easily produced in very short time at 
low expense [1]. Nowadays, semi-solid metal forming is mostly applied with high 
pressure. In contrast, gravity sand casting has not been commonly used even though it has 
several advantages in small batch processing, complex or big parts [2]. 
The AM series alloys are among the most widely used Mg alloys because of their excellent 
combination of ductility and strength. In these alloys, aluminium and manganese are the 
primary alloying elements. Aluminium improves strength and hardness, and lowers the 
melting point, while Manganese is mainly added for improving seawater corrosion 
resistance, by removing iron and possibly other heavy metal elements into relatively 
harmless intermetallic compounds [3]. However, the effects of Al and Mn content on the 
microstructure and mechanical properties of a SSM processed alloy is not completely 
understood. Moreover, no research focusing on semi-solid gravity sand casting with 
AM60B has been reported even though this alloy has a good castability, resistance to hot 
cracking and low solidification shrinkage [3].  
This work aims to study the influence of different microstructural features on the 
mechanical properties of conventional and semi-solid gravity sand cast AM60B alloy. The 
experimental work considered a step casting with a thickness ranging from 5 to 20 mm. 
 
2. EXPERIMENTAL PROCEDURE 
 
2.1. Alloy and gravity sand casting 
 
An AM60B magnesium alloy was studied in this work. The chemical composition of the 
alloy is given in Table 1. 
 
Al Mn Si Zn Fe Cu Others Mg 
5.75 0.27 0.031 0.039 0.001 0.003 <0.003 bal. 
 
Tab. 1. Chemical composition of the AM60B alloy used in the present work (wt.%). 
 
The step casting, obtained by sand mould and shown in Fig. 1, presented a range of 
thickness going from 5 to 20 mm and it was gated from the side of the riser. This 
configuration allows to obtain a wide range of solidification rates and consequently 
different microstructural scales [4]. 
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Fig. 1. a) The step casting CAD geometry with b) front and side views. 
 
Two foundry technologies were used, that is traditional gravity sand casting and RSF
TM
 
technology. In the first one, the AM60B alloy was first melted in a graphite crucible using 
an electric crucible furnace set at 750 ±5 °C, under a cover gas consisting of a mixture of 
50% CO2 + 0.2% SF6 + remaining dry air. Before pouring, the sand moulds were preheated 
at ~100 °C. An amount of ~1.5 kg was gently taken from the molten bath using a preheated 
boron nitride coated steel ladle and poured to fill a series of three tilt-poured sand moulds, 
placed with an inclination angle of 60° to the horizontal. The castings were then allowed to 
cool down to room temperature inside the sand mould. 
 
2.2. Rapid Slurry Forming (RSF
TM
) process 
 
A series of semi-solid gravity sand castings were also obtained. Two masses of AM60B 
alloy with different enthalpy are mixed together. While one mass has low superheat (high 
enthalpy), the other acts as a cold solid stirring material (low enthalpy). The solid stirring 
material is generally named Enthalpy Exchange Material (EEM) [1]. The EEMs used in 
the present work had a conical shape with a constant weight of 0.225 kg, in accordance 
with Ref. [1]. The rotational speed was set at 1200 rpm and the sand moulds were 
preheated to ~100 °C. The EEM was submerged when the temperature of the molten metal 
was 640 ±2 °C and the stirring extended for 20s. During the slurry making, a K-type 
thermocouple was submerged into the bath to control the thermal history. When the 
temperature of the slurry was stable at 613 ±1 °C, the casting operations took place. The 
final temperature of the slurry was defined in order to obtain a viscosity and a solid 
fraction that could ensure a complete filling of the mould cavity, which was not guaranteed 
at lower temperatures through the gravity sand casting processing. 
 
2.3. Metallography and mechanical testing 
 
The sand castings were sectioned and samples were drawn from the each step for 
metallographic investigations. Flat tensile specimens with rectangular cross section were 
drawn from the middle of each step. The tensile specimens were 100 mm long and 3 mm 
thick, with a gauge length of 30 mm and a width of 10 mm. The best values in terms of 
Quality index [5] were selected, in an attempt to minimize any effects arising from casting 
defects on the fracture data and mechanism. Microstructural analysis was carried out using 
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an optical microscope and a scanning electron microscope (SEM) equipped with an 
energy-dispersive spectrometer (EDS), and quantitatively analysed using an image 
analyser. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Microstructural observations 
 
The microstructure of conventional gravity castings consisted of primary α-Mg dendrites 
with Al cored to the interdendritic regions (Fig. 2). 
 
  
 
Fig. 2. a) SEM micrograph, and  b) corresponding EDS map showing Al cored to 
interdendritic regions in conventional gravity sand castings. (Pictures refer to the 20 mm 
step). 
 
Due to the low solidification rate, equiaxed α-Mg grains with a coarse dendritic 
morphology form (Fig. 3a). The semi-solid castings showed the presence of coarse primary 
α-Mg phase, with both rosette-like and spheroidal shape, which is mainly formed with the 
primary solidification during the RSF process, and finer secondary α-Mg dendrites 
nucleated and grown during the secondary solidification inside the mould cavity (Fig. 3b). 
 
  
 
Fig. 3. Typical microstructures of a) conventional gravity cast, and b) semi-solid cast 
AM60B alloy observed in the 10 mm step; the different size and shape of primary α-Mg 
phase is evident. 
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The volume fraction of primary α-Mg phase, i.e. the solid fraction formed by RSF at      
613 °C, was estimated by optical microscopy to be ~36%: this result is in accordance with 
Ref. [6]. In every step, the microstructure was finer close to the casting surface than in the 
centre of the casting. Due to the low diffusion rate of Al atoms into the α-Mg matrix and 
the moderate solidification rate, a non-equilibrium α-Mg + β-Mg17Al12 eutectic structure 
forms. In this work, a partially divorced α-β eutectic morphology was observed (Fig. 4a), 
characterised by islands of eutectic α-Mg within the β-Mg17Al12 phase. A great amount of 
fine Al-Mn intermetallic compounds distributed among the interdendritic regions and 
along grain boundaries was also revealed (Fig. 4). These particles have been analysed in 
AM series alloys by several researchers, but their identification is still uncertain. Luo [7] 
has identified this compound as Al8Mn5 phase, which forms on cooling inside the mould 
cavity. 
The eutectic solidification does not mark the end of the phase transformations in the 
investigated alloy. The solidification rate is sufficiently slow (typical of sand-casting) to 
induce further precipitation of β-Mg17Al12 from the supersaturated regions of α-Mg 
crystals. This precipitation shows here a discontinuous form (Fig. 4a), which involves the 
growth of lamellar Mg17Al12 precipitates into α-Mg grains with a similar mechanism of 
pearlite into austenite grains during the cooling of steel [8]. The Al partitions to the 
Mg17Al12 lamellae as they grow, leaving the α-Mg between the lamellae much leaner in Al 
than before discontinuous precipitation began. 
 
  
 
Fig. 4. a) Different intermetallic compounds observed in the 10 mm step of the castings 
and b) SEM micrograph with corresponding EDS spectra of Al-Mn intermetallics. 
 
The eutectic variations of as-cast samples produced with conventional and semi solid 
foundry technologies were studied over the central cross section of each step (Table 2). 
The eutectic fraction varies in the range of 1.6% to 2.2% for conventional sand castings, 
while it varies between 0.6% and 1.2% for semi-solid castings. Lower eutectic fraction in 
the semi-solid castings can be related to the decrease of volume fraction of the liquid phase 
at the eutectic temperature and the increase of the volume fraction of primary α-Mg 
crystals [8]. 
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Step thickness [mm] Conventional gravity casting Semi-solid casting 
20 2.2 (0.59) 1.2 (0.48) 
15 1.4 (0.57) 1.2 (0.42) 
10 1.1 (0.36) 0.6 (0.32) 
5 1.6 (0.54) 0.6 (0.29) 
 
Tab. 2. Average Mg-Mg17Al12 eutectic fraction (%) in each section of the step castings 
(standard deviation in parentheses). Data refer to conventional and semi-solid castings. 
 
3.2. Tensile testing 
 
The mean values and the standard deviation of ultimate tensile strength (UTS) and 
elongation to fracture (sf) are reported in Fig. 5. The low standard deviation confirms the 
presence of low content of casting defects in the investigated tensile specimens. 
If the different steps are considered and compared, variations of 11 and 9% in UTS and 22 
and 33% in elongation to fracture are observed for the conventional and semi-solid 
castings respectively, as a consequence of the different microstructural scale. In the 
conventional gravity castings, the UTS varies from 163 to 178 MPa and the sf from 4.6 to 
5.6%, but, the UTS and the sf are in the range of 178 to 197 MPa and from 4.9 to 7.3% 
respectively in the semi-solid castings. On the other hand, the different cooling rates, in the 
range of step thickness analysed, seem to not affect the YS of the alloy. The highest 
mechanical properties of the semi-solid alloy are mainly associated with the presence of 
primary α-Mg phase formed with the primary solidification during the RSF process and a 
lower amount of brittle Mg-Mg17Al12 eutectic islands. The lower mechanical properties 
observed in step 4 can be related to the filling technique used in the present work. In 
conventional gravity as well as in the semi-solid casting, the liquid phase, eventually 
separated from the primary solid during filling, can generate a turbulent flow and produce 
oxide and air/gas entrapment in the last 5mm step. Therefore, the overflow connected to 
this step is revealed to be sub-sized. On the other side, the 20mm step for both the casting 
processes shows a higher Mg-Mg17Al12 eutectic fraction and a coarser microstructure, such 
as secondary α-Mg crystals, than steps 2 and 3 respectively. 
 
  
 
Fig. 5. Average a) UTS and b) elongation to fracture as a function of step thickness. Data 
refer to conventional and semi-solid castings. 
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4. CONCLUSIONS 
 
In the present study the influence of different microstructural features on mechanical 
properties of conventional and semi-solid gravity sand cast AM60B alloy has been 
investigated.  
Nearly defect-free castings have been produced using RSF technology. The conventional 
gravity castings show primary α-Mg dendrites, while those cast at semi-solid state show 
the presence of globular and rosette-like α-Mg phase. Partially divorced α-β eutectic, fine 
intermetallic Alx-Mny compounds and discontinuous Mg17Al12 precipitation are also 
revealed. The presence of primary blocky α-Mg phase and lower amount of brittle eutectic 
islands tend to increase the mechanical properties of semi-solid cast Mg alloy. 
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